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ABSTRACT

Author: Harlow, KaLynn. MS
Institution: Purdue University
Degree Received: August 2018
Title: The Impact of Colostrum versus Formula Feeding and Fat Supplementation on Vaginal
Lipidome and Uterine Development in Gilts on Postnatal Day 2.
Committee Chair: Dr. Kara Stewart
Genetic selection for larger litters negatively affected the swine industry by reducing piglet
birthweights and survival. Moreover, sow colostrum production did not increase with increased
litter size. Colostrum is essential for postnatal piglet growth and development because it provides
nutrition, energy and bioactive factors. Milk replacers are available to supplement piglets with
limited colostrum intake. However, replacer formulas lack bioactive factors in milk, and have
plant-based fats substantially different from maternally derived lipids. Suckled and milk replacerfed gilts show different patterns of uterine gene expression, and colostrum deprivation results in
impaired uterine adenogenesis. Many lipids function as bioactive factors, thus we hypothesized
that source of fat affects early postpartum uterine gene expression.
There is a need to readily identify gilts in commercial herds with the highest reproductive
potential. Early nutritional environment affects long-term fertility in swine, and adequate
colostrum consumption is linked to sow longevity. The anterior vagina and uterus arise from the
same embryonic tissues, and both continue development postnatal. Thus, it is likely that postnatal
nutritional environment may affect vaginal development as it does uterine. In studies of humans,
lipid profiles of buccal cheek swabs differed with changes in diet. We hypothesized that the vaginal
lipidome differs between gilts with varying postnatal nutritional environment, and in the longerterm, postnatal vaginal swab lipid profiles can identify gilts with high reproductive potential.
The objectives of this project were to: 1) Determine if supplementing milk replacer with
animal fat stimulated uterine gene expression and adenogenesis similar to colostrum; and 2) Test
the hypothesis that gilts exposed to colostrum versus milk replacer have different vaginal lipid
profiles on postnatal day (PND) 2. For these studies, gilts were selected at birth (N = 28) and
allocated to one of four treatments: suckled for 48 h (S, n = 8); suckled plus supplemented with fat
(SF, n = 5); bottle-fed for 48 h (B, n = 8); or bottle-fed plus supplemented with fat (BF, n = 7).
Vaginal swabs and uterine tissue were obtained from gilts following euthanasia on PND2.

xii
Q-PCR analysis of RXFP1, ESR1, MMP-9, BCL2, and VEGFA found no treatment effect on
PND2 uterine expression levels (P > 0.05). There was no treatment effect on rate of uterine
epithelial or stromal cell proliferation. Adenogenesis and uterine composition were similar among
all four treatments. Lipids extracted from vaginal swabs were subjected to multiple reaction
monitoring (MRM) profiling. The discovery phase of pooled vaginal samples detected 1486 lipid
molecules, which, in addition to 450 triacylglycerols (TAGs), were then screened for in individual
vaginal samples. Screening yielded 146 molecules that discriminated between bottle-fed and
suckled gilts (Method 1) and 198 molecules that discriminated between fat-supplemented and nonsupplemented gilts (Method 2). A second screening of individual vaginal samples limited to
Method 1 molecules followed by receiver operating characteristic (ROC) curve analysis identified
18 molecules that distinguished vaginal samples from colostrum versus milk replacer fed gilts
[area under the curve (AUC) >0.9]. Differentiation of lipid samples from gilts with and without
fat supplementation following Method 2 sample screening was less robust (highest AUC score
=0.78).
Morphology and expression of selected genes on PND2 were not reliable markers of the effect
of early nutritional environment on uterine development. In contrast, vaginal lipid profiles were
distinct between gilts fed colostrum versus milk replacer. Moreover, obtaining vaginal swabs is
relatively easy and non-invasive, and thus the method warrants further investigation to determine
whether early postnatal vaginal lipid profiles are related to long-term fertility.
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LITERATURE REVIEW

Challenges facing sow productivity in the swine industry
Improvement in sow reproductive efficiency continues to be a priority for swine
producers globally. One of the measures of sow productivity is piglets weaned per sow per year,
and, to maximize this, genetic selection over the last 30 years has favored increased litter size
(Revell et al., 1998; Bergsma et al., 2008). With the increase in piglets born per litter, some
unanticipated changes were observed as well, including an increase in the number of low birth
weight piglets and subsequent corresponding decreases in weaning weights (Roehe, 1999;
Quiniou et al., 2002; Fix et al., 2010). The increased number of low birth weight piglets has also
decreased preweaning survivability (Foxcroft et al., 2007; Knauer and Hostetler, 2013).
Specifically, mean piglet weaning weights and preweaning survival rates are decreased when
sows have greater than 12 piglets born alive (Cutshaw et al., 2014). These changes may be due,
in part, to changes in colostrum consumption. It has been found that low birth weight piglets
receive less colostrum and are less feed efficient than their heavier birth weight counterparts (Fix
et al., 2010; Schinckel et al., 2010). The successful increase in litter size due to genetic selection
has not seen a corresponding increase in the amount of colostrum produced by sows. Contrary to
milk yield, which has increased predictably in relation to litter size, the amount of colostrum
produced is still highly variable between sows and can range from 1.9-5.3 kg independent of the
size of the litter being nursed (Devillers et al., 2007). This is an animal welfare issue that must be
addressed by the industry.
Another measure of sow productivity is the length of time spent in the breeding herd.
More time spent in the herd corresponds to greater reproductive efficiency since the sow is
raising more litters. However, many sows only remain in the herd for 1-2 parities. Not only is
the current state of sow longevity a welfare issue, but it also affects profitability. Sow longevity
is critical for producers to receive their return investment on each animal that enters the breeding
herd. In order for this to happen for each replacement sow, it must remain in the herd for a
minimum of three parities (Stalder et al., 2003). Reasons for culling sows after 1 or 2 parities is
most frequently associated with reproductive issues such as poor maternal behavior, small litter
size, high numbers of stillborn piglets, and decreased return to estrus after weaning; culling later
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in life is more frequently associated with structural issues, such as leg soundness (Dagorn and
Aumaitre, 1979; Stein et al., 1990). Dagorn and Aumaitre stated 50% of all culling occurred
before parity four; 21.2% of sows were culled after their first litter weaned. Of all sows culled in
their report, 31.0% of culls were due to failure to breed, 8.4% to low farrowing and weaning
performance, 5.4% demonstrated no estrous, and 4.0% had farrowing difficulties (1979). More
recently, a study of 30 herds found that parity one sows had a higher proportion of returns to
service and a greater proportion of sows remaining anestrous post-weaning relative to later parity
sows (Koketsu et al., 1997). Stein et al. reported reproductive failure as the highest removal
reason across all parity groups, excluding parities above seven; this group had degenerative
problems listed as the highest reason and reproductive failure as second (1990).
The coincident increase in larger litter size and lower birth weights with lower fertility of
replacement sows suggests factors affecting early development may affect long term fertility.
Moreover, a larger proportion of the sows dying or being selectively removed from the herd may
be a result of more lighter birth weight gilts being selected as replacement sows. Therefore, a
more complete understanding of the physiology of the low birth weight piglet and their
subsequent reproductive potential is warranted.
Low birth weights due to intrauterine growth restriction
The genetic selection for increased litter size was accompanied by an unanticipated
decrease in birth weights of a subset of piglets born within a litter; this is due to less available
space in the uterine horns for each individual piglet to grow during gestation, otherwise known
as intrauterine growth restriction (Foxcroft et al., 2006). Intrauterine growth restriction (IUGR) is
broadly defined as the hindrance of growth and development of the mammalian fetus during
gestation due to a malfunction in any of the factors regulating mammalian fetal growth. IUGR
can lead to short- and long-term hindrance of development as a result of growth restriction
during gestation (Flowers et al., 2015). In swine, runt pigs born due to IUGR have been defined
multiple ways. A study declared runt pigs as weighing only one third to one half the weight of
the largest piglet (Widdowson, 1971), while another study defined low-neonatal-weight piglets
as being either at least 300 g less than the litter’s mean neonatal weight, or 200-300 g less than
the litter’s mean neonatal weight, and at least 100 g less than the next smallest member of the
litter (Milligan et al., 2002).
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Uterine environment affects fetal growth. Wilson et al. demonstrated that differences in
uterine environment due to breed differences was a limiting factor in fetal growth in a co-transfer
study of embryos. Embryos were co-transferred between Meishan and Yorkshire sows, and sows
were slaughtered at d 90 of gestation or allowed to farrow. Fetuses and placentas were
significantly smaller when recovered at farrowing from Meishan than from Yorkshire recipients,
whereas Meishan and Yorkshire fetuses co-gestated and recovered at farrowing from Meishan
uteri were similar in weight. Meishan and Yorkshire fetuses co-gestated in Yorkshire recipients
were born at similar weights, although Meishan placentas weighed significantly less. Thus,
uterine capacity affected birth weights more than placental size (Wilson et al., 1998).
Increased litter size is also associated with a greater range of piglet weights at birth and
between litters for an individual sow (Perry and Rowell, 1969); it can be reasoned that the
increase in range of piglet weights is due to differences in uterine position and degree of
placental attachment for each piglet which leads to variations in nutrient levels provided for each
piglet (Pope, 1994). Increases in litter size and IUGR occurrences negatively impacts piglet birth
weights and, consequently, mean piglet weaning weights (Roehe, 1999; Quiniou et al., 2002; Fix
et al., 2010). Finally, the decrease in both birth weights and weaning weights are indicative of
decreased production over a lifetime.
The effect of IUGR on physiological development
As part of the fetal adaptive reaction to placental insufficiency, IUGR results in the
prioritization of brain development due to the “brain sparing effect,” (Roza et al., 2008), which is
where the development of the brain continues at the expense of the development of other organ
systems. For example, light birthweight piglets have reduced skeletal muscle growth (Handel and
Stickland, 1987) or proportionally smaller livers and kidneys (Ritacco et al., 1997) due to
preferential diversion of resources to brain development. This also translates to reproductive
development. The birth weight of a pig can be an indicator of the size and development of
reproductive organs and subsequent reproductive potential. Da Silva-Buttkus and colleagues
compared ovarian development in IUGR gilts with gilt littermates and found both body weight
and absolute ovarian mass was significantly lower in runt gilts compared to controls; the average
body weight was 733+/-38.5 g versus 1530+/-39.7 g, respectively, and the average ovarian mass
was 51+/-3.0 mg versus 108+/-9.6 mg, respectively (2003). Preliminary data collected as part of
a project funded by the National Pork Board showed low birth weight gilts have a reduction in

4
the number of productive years within the replacement herd, sometimes failing to produce a
single litter. Only about 11% of gilts with birth weights below 2.5 pounds farrowed six litters,
whereas 32% of replacements with birth weights greater than 3.5 pounds farrowed at least six
litters (Flowers et al., 2015). Thus, it can be concluded that increases in litter size has led to a
subsequent increase in low birthweight gilts and resulted in an increase in low performance
replacement gilts.
Colostrum
Colostrum composition
Colostrum is the first milk produced by the dam and is synthesized primarily prior to
parturition. Compared with mature milk, which subsequently replaces colostrum as the next
stage of milk, colostrum has higher levels of immunoglobulins and lower lactose and lipid
concentrations. All stages of milk contain proteins, lipids, carbohydrates, minerals, vitamins, and
a host of biologically active compounds, all of which affect the growth and development of
neonates. The composition and balance of these nutritional components and bioactive molecules
shift to reflect the changing needs of the growing piglets (Sheffy et al., 1952; Whittlestone, 1952;
Fahmy, 1972; Krakowski et al., 2002).
W.L. Hurley systematically reviewed the literature to describe changes in composition of
sow milk across the course of lactation (2015). Colostrum is a nutrient dense mammary
secretion, with lower water content and a higher percent of macronutrients than full milk. Water
content increases from 73% of the total mass secreted during and immediately following
parturition to 80% by 12 h postpartum. Water content remains between 77 and 81% for the rest
of lactation. With the increasing water content there is a simultaneous decrease in percent
protein. At parturition, total protein averages 16.6% and decreases to 5.0% by weaning. The
relative composition of protein also changes, with increases in proportion of casein milk proteins
and a decrease in percent total whey proteins, including immunoglubulins (Ig) which are
included when calculating amounts of whey protein. Total solids content is also relatively high
around parturition and peaks in concentration approximately 3-4 h postpartum at 28%. Solids
content then gradually decrease to around 20% for the duration of lactation. Lactose makes up
about 2.8% of milk at birth and gradually increases to peak at 5.6% on day 27-29 of lactation.
Consistent with lower water content, early mammary secretions are more energy dense, with
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energy content of milk at parturition approximately 6.7 kJ/g. Energy content gradually decreases
to 5.0 kJ/g by 21 days of lactation. (Hurley, 2015).
Steroid hormones are also present in both sow colostrum and whole milk. Staszkiewicz et
al. demonstrated estradiol is produced in the sow mammary gland. Ovariectomized gilts were
subjected to steroid hormone replacement therapy four weeks after ovariectomy to mimic
estradiol and progesterone blood concentrations experienced by a normally cycling gilt. Blood
plasma samples were taken from carotid artery and anterior mammary vein, and they found
higher estradiol concentrations in the anterior mammary vein in all gilts treated with
progesterone as well as those treated with progesterone and estradiol benzoate, suggesting the
porcine mammary gland synthesizes estradiol (2004). In early colostrum production, estradiol
levels can be as much as four times greater when compared to sow plasma, but they varied in
parallel over the course of sampling from the start of the point where colostrum could be easily
obtained from a teat until 12 h after parturition (Devillers et al., 2004a).
Colostrum also contains immune cells and immunomodulatory factors that assist in the
immune response to pathogens and regulate the development of the piglet’s immune system,
which is naïve at birth (Salmon et al., 2009). Maternal IgAs are also in colostrum and mature
milk, and function, in part, to protect the intestinal mucosa (Quesnel et al., 2015). Leukocytes
have also been isolated from sow milk, with neutrophil content highest during colostrum
production (Lee et al., 1983; Schollenberger et al., 1986a; Schollenberger et al., 1986b; Le Jan,
1995). Cytokines that modulate immune function are also secreted in milk (i.e. IL-4, IL-6, IL-10,
IL-12, IFN-γ, TNF-α, and TGF-β). In general, concentration of cytokines is highest in early
lactation and declines as lactation progresses (Nguyen et al., 2007).
Fat content is the most variable component of milk. Percent fat at parturition averaged
6.4%, then peaks at day 2 at 10.1% and gradually decreases to 7.5% by day 21 of lactation.
Csapo et al. found fatty acid composition also changes over a course of lactation, with an
increase in C16:0, C16:1, and C18:3 fatty acids, and a concomitant decrease in C18:1 and C18:2
(1996). Short and medium chain fatty acids only make up marginal portions of both colostrum
and milk; less than 0.25% of total fatty acids were composed of fatty acids C4:0 through C12:0,
while C10:0 and C12:0 were reported at proportions up to 0.36% and 0.49% of total fatty acids,
respectively (Hartog et al., 1987; Csapo et al., 1996; Lauridsen and Danielsen, 2004).

6
Colostrum yield
Although sow production levels of mature milk are responsive to demands of litter size
and growth of piglets, levels of colostrum production are limited and are dependent on factors
other than neonate demands. In a study where piglets were bottle-fed colostrum ad libitum, the
intake exceeded 450 g/kg birth weight – twice the average consumption of sow-reared piglets
(Devillers et al., 2004b). Colostrum is free-flowing early after parturition (de Passilleé and
Rushen, 1989), and only suckling is required to maintain secretions between 16 and 24 h
postpartum (Atwood et al., 1995; Theil et al., 2006), as opposed to mature milk, which relies on
removal due to suckling in order to maintain milk synthesis and secretion (Theil et al., 2005).
Since colostrum yield shows a positive correlation with mean piglet birth weight (Devillers et al.,
2007), but not birth litter size or weight (Devillers et al., 2007; Quesnel, 2011), it can be
suggested that colostrum yield largely depends on sow production capacity (Quesnel et al.,
2015).
Colostrum and piglet survival
Lighter birth weight piglets have lower preweaning survivability. Wolf et al. analyzed
within litter variation of birth weight and the relation to litter size traits, stillborn piglets, and
preweaning survivability, and found a statistically significant phenotypic correlation between
mean birth weight and preweaning losses. Litter size was also shown to be negatively correlated
with mean piglet birth weight and positively correlated with within-litter variability of birth
weight (Wolf et al., 2008). One reason for higher preweaning losses in low birth weight piglets is
the higher risk of hypothermia in low birth weight piglets due to the higher body surface-tovolume ratio and lower energy stores (English and Morrison, 1984). Another possible
explanation for this is reduced colostrum intake, as smaller piglets have a reduced capacity for
colostrum consumption (Amdi et al., 2013). Devillers et al. found that adequate colostrum intake
during the neonatal period is 200 g per piglet, and colostrum intake at birth is related to piglet
survival. Piglets that ingested greater than 200 g of colostrum had a mortality rate of 7.1%.
However, mortality rate increased to 43.4% when colostrum intake was less than 200 g in the
first 48 h (Devillers et al., 2011).
During birth, piglets experience an extreme change in environment. One of the most
notable changes is the sudden decrease in temperature between the uterine environment and the
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ambient environment. This dramatic change in temperature greatly affects early postnatal piglet
survival (Curtis, 1970, 1974; Kelley, 1985; Kammersgaard et al., 2011). Piglets are born without
brown adipose tissue (Trayhurn et al., 1989), which is important for thermogenesis in other
species during the neonatal period (Benito, 1985). Instead, swine rely on other physiologic
responses for thermogenesis such as reduced peripheral blood flow and shivering (Stombaugh et
al., 1973; Noblet et al., 1997). Body fat in piglets, which is as little as 2% at birth, is mostly
associated with cell membrane structures (Mersmann, 1974; Seerley and Poole, 1974; Svendsen
et al., 1986); little is available for use as an energy source or for thermoregulation. In addition to
limited fat deposition, neonatal pigs have reduced ability to oxidize fatty acids for energy
(Mersmann and Phinney, 1973), and thus rely heavily on limited liver and muscle glycogen
stores (Mersmann, 1974). In the absence of colostrum consumption, glycogen stores are
completely depleted within 11 to 17 h after birth (Herpin and Le Dividich, 1995; Theil et al.,
2011). Colostrum is thus a crucial tool for thermoregulation, energy, and nutrition (Dividich et
al., 2005).
Colostrum supplementation for piglets
Piglets are born without active immune systems and rely solely on transfer of passive
immunity from the dam in the form of antibodies (maternal IgG) through colostrum until they
develop their own immunity, which can take between 3 to 4 weeks (Rooke and Bland, 2002). A
study that limited piglet ingestion of sow colostrum found bovine colostrum to be a suitable
replacement in the absence of sow colostrum regarding IgG transfer from sow to piglet. When
compared to control piglets receiving milk from their respective sow, piglets reared on bovine
colostrum exclusively were shown to have no differences in IgG levels (Sugiharto et al., 2015).
Thus, bovine colostrum can be a viable supplementation for piglets in large litters that may not
be able to receive the necessary levels of colostrum from their respective sow. Beyond IgG
transfer, it has been shown that piglets fed bovine colostrum have lower incidences of scours
compared to those fed milk replacer (Bandyk and Hines, 1986; Sugiharto et al., 2015). There was
no difference in scours rates between piglets given bovine colostrum compared to those raised on
their sows (Sugiharto et al., 2015). No significant differences were found in the serum levels of
IgG concentrations between a control group of piglets left to suckle versus a bovine colostrumfed group (Sugiharto et al., 2015), indicating possible beneficial effects on immune responses of
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artificially reared piglets. However, piglets that suckled from their dams were found to have
higher weaning weights compared to artificially reared piglets.
While other livestock species have commercially-available colostrum replacers and
supplements - as well as milk replacers and supplements – there are no equivalents for swine
producers. Colostrum piglet replacers are not available, but, by definition, dairy colostrum
replacers provide over 100 g IgG/dose, which meets the requirement to achieve passive transfer
in a calf (Quigley et al., 2002). Colostrum dairy supplements are only designed to supplement
IgG to dairy calves (Davenport et al., 2000) by providing <100 g of IgG/dose in addition to IgG
already received following colostrum consumption (Quigley et al., 2002). Commercial piglet
replacers have less IgG per dose. In contrast to calf supplements and replacers, three piglet
colostrum supplements were found to deliver approximately 67.2 mg IgG/ml (Campbell et al.,
2012). These colostrum supplements created with IgG from porcine plasma were evaluated.
Piglets were removed from sows, and, prior to suckling, administered either pooled sow
colostrum or one of three colostrum supplements. Twelve hours after the first dose, serum
protein was higher in piglets fed a colostrum supplement relative to piglets that received sow
colostrum. However, efficiency of IgG absorption was greatest for sow colostrum versus the
other supplements (28.5% versus 24.7-27.6%).
Piglet supplementation management techniques can be difficult to implement due to extra
handling and movement of the animals. Supplementing piglets also translates to extra time and
costs to producers. Despite the challenges associated with ensuring piglets receive adequate
colostrum within the early time-period after birth, it is in the farmers’ best interest to find ways
to maximize colostrum consumption. Not only does this give all piglets the necessary
components for growth, nutrition, and immunity for the best chance at life, it also provides a host
of other bioactive components responsible for regulating development of other body systems,
notably the reproductive system.
Supplementation of sow diets to impact colostrum
A sow’s milk yield and composition are impacted by nutrition. Thus, manipulating the
sow’s diet may be a potential strategy to optimize colostrum and milk production in both
quantity and quality. Nutritional studies have tested the efficacy of feeding fiber to sows during
gestation to influence milk composition. Werner et al. examined the effect of various roughage
sources fed from d 28 gestation to parturition on the immunocompetence of sows and their
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corresponding piglets by analyzing endotoxin concentration in colostrum alongside the specific
immune response of the piglets (2014). Roughage, specifically Jerusalem artichoke, shifts gut
microbiota composition, and subsequently decreases levels of enterobacteria in the colon of male
pigs (Vhile et al., 2012); thus, Werner et al. hypothesized that feeding Jerusalem artichoke
reduces bacterial lipopolysaccharide counts in colostrum. While it was found that feeding
roughage during gestation did not impact either total bacterial count or the content of bacterial
antibodies in the colostrum, roughage high in crude fiber – specifically hay and straw –
decreased the level of C-reactive protein, a marker of inflammation, in colostrum (P < 0.05).
Blood serum of piglets suckled by sows fed Jerusalem artichoke had higher concentrations of
IgG-anti-lipopolysaccharides to E. coli (P < 0.05). Caloric restriction can also influence milk
composition. Sows fed 1.0 kg feed daily of a conventional sow diet during the last two weeks
prior to parturition had a significant increase in colostrum fat percentage relative to sows fed 3.4
kg daily (Göransson, 1990).
Quesnel et al. reported a numerical increase only in mean piglet body weight after 24
hours of suckling sows fed a 11.0% crude fiber diet versus a 2.8% crude fiber diet from d 26
gestation until parturition (2009), potentially indicating an increase in colostrum production.
However, no difference in colostrum intake was found when consumption was measured by the
deuterium oxide dilution technique, and piglets were suckled by sows fed a high fiber versus low
fiber diet from mating until d 108 gestation (Theil et al., 2014). Colostrum consumption by
piglets was higher when they were suckled by sows fed pectin residue or sugar beet pulp (520 or
504 g/piglet, respectively) as compared to sows fed potato pulp or a low fiber control diet (393 or
414 g/piglet, respectively; P=0.02).
The impact of dietary fat sources on colostrum composition and yield has also been
investigated. Early evidence suggests that content and fatty acid profile of colostrum can be
manipulated by the dietary fat source consumed by the sow during late gestation (Seerley, 1984;
Jackson et al., 1995). More recently, when fed a 1.3% mixture of conjugated linoleic acids (cis9/trans-11 and trans-10/cis-12 isomers) from d 108 of gestation through parturition, sows tended
to produce less colostrum per piglet, with a drop from 463 g/piglet to 409 g/piglet, as predicted
by piglet rate of gain in the first 24 h (Krogh et al., 2012). Krogh et al. also found that colostrum
fat percentage tended to be increased from 5.2% to 6.3% when sows were fed the same
supplementary mixture of conjugated linoleic acids during the late gestation period compared to
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control sows (Krogh et al., 2012). Colostrum production was also increased when sows were fed
a conventional lactation diet supplemented with 2.5 g/d β-hydroxy-β-methylbutyric acid from d
108 gestation until parturition (Flummer and Theil, 2012). Specifically, colostrum yield as
predicted by piglet weight gain was significantly higher in litters of β-hydroxy-β-methylbutyric
supplemented sows (132 g/piglet) versus litters of control-fed sows (76 g/piglet; P=0.05).
Supplementation of isocaloric and isonitrogenous sow diets with long-chain triglycerides
increased total lipid content from 82.2 mg/mL compared to 72.4 mg/mL in control sows and 62.2
mg/mL in sows provided medium chain triglycerides (Azain, 1993). While there is still much to
be learned about the factors impacting colostrum yield and composition, these studies show that
variations in sow nutrition during different stages of gestation can be an important research focus
to change colostrum composition in the future.
Alternative strategies to mitigate low colostrum and milk consumption
Even before increases in litter size, competition between piglets in a litter for teat access
was a hindrance in ensuring each piglet received the necessary amount of nutrients for survival
and development early in life (Dividich et al., 2005). The selection for increased litter sizes
consequently increased the competition for colostrum (Rutherford et al., 2013). The relationship
of birthweight and colostrum ingestion on fertility and health have led to studies focusing on
postnatal nutrition to determine if manipulations can mitigate the effects of being born in a large
litter on sow longevity.
Cross-fostering involves the transfer of piglets from one sow to another sow which has
farrowed within a similar timeframe, usually within 24 hours of each other. Cross-fostering is
used in industry to equalize litter sizes and maximize colostrum consumption per piglet. A study
conducted in a large commercial production system showed that reduction of litter size at birth
could improve sow longevity for gilts initially born in litters suspected of intrauterine crowding.
The average birth litter size for the study was 12 piglets, and replacement gilts were allocated to
litters with either 11 or seven piglets. After weaning, the replacements were co-mingled,
managed according to industry standards, and tracked until culling or their sixth parity. Gilts
raised in smaller litters showed a significant increase in sow longevity (35.5% versus 17.3%),
improved farrowing rates (88.7% versus 83.3%), and tended to have an increased number of pigs
born alive (11.0 versus 10.5) over six parities. Replacement gilts in the small litters were also
heavier at weaning and maintained a significant weight advantage over life compared with their
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counterparts from large litters (Flowers et al., 2015). Birth weight of these piglets also played a
role. Large gilts (birth weight ≥ 3.6 pounds) had no difference between the proportion that
produced six litters as adults. However, medium-sized pigs (2.5-3.5 pounds) showed a great deal
of difference. Indeed, 40% of the gilts from small nursing litters were still in production after
their sixth parity, compared to only 17% of their counterparts from large litters. For the small
birth weight gilts (< 2.5 pounds), reducing the size of the litter in which they nursed did improve
longevity, but only by a fraction – less than 10% of the small birth weight gilts were in
production after their sixth parity, despite having come from a small litter (Flowers et al., 2015).
Thus, strategic cross-fostering maximized colostrum and milk consumption of replacement gilts,
and improved fertility and longevity of sows. However, with many sows producing large litters
in modern industry, this is not a practical strategy to improve replacement gilts since space on
other sows is not always available.
Another technique known as split suckling aims to more evenly distribute the amount of
colostrum received per piglet by splitting large litters into two equal groups. The larger piglets
are removed from the pen and placed in a box for a short amount of time, thus reducing
competition of lighter weight pigs for access to the sow’s teats. By reducing the number of
piglets and competition, smaller piglets have greater access to the limited quantity of colostrum
available. In the short- and long-term, this strategy increases the chance of survival and
productivity for the smallest piglets in the litter (Holyoake et al., 1995). Huser et al. removed
large piglets from a litter for a two-hour period in the morning during the first day after birth and
found a 13% increase in small piglet survival when compared to the control group; however,
colostrum absorption as determined by immunocrit showed no difference among treatments and
size classifications (Huser et al., 2015).
Other strategies to manipulate postnatal nutrition aimed at increasing total milk
consumption to mitigate reduced weaning weights associated with low birth weight. Utilizing
nurse sows is a strategy that can increase total milk consumption in light weight piglets. This
method does not increase colostrum intake but allows low birth weight piglets additional
opportunities to increase total milk consumption. Sows will continue to produce milk as long as
suckling is maintained. Thus, if a litter is replaced with another litter, sows will continue to
produce milk for the new set of piglets. Therefore, small piglets, or “fall-behind piglets,” that
need additional time to reach adequate weaning weights can be placed on a nurse sow the day
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her initial litter is weaned. This strategy allows small piglets more access to milk and additional
energy for growth prior to weaning. Analysis of the effect of using nurse sows as a management
tool found that, on average, nurse sows weaned 12.4 piglets from their own litter and then 11.5
nurse piglets, as opposed to 11.7 piglets weaned from a non-nurse sow, which suggests nurse
sows are selected among high-nursing, and thus high quality, sows (Bruun et al., 2016). Use of a
nurse sow can pose welfare concerns, as late-term mixing of litters may result in the nurse sow or
piglets not accepting the foster or new environment, respectively. Moreover, nurse sows were
shown to be at higher risk of swollen bursae on legs and udder wounds, and piglets have a higher
risk of carpal abrasions when compared to non-foster litters (Sørensen et al., 2015). Currently, no
data are available on growth performance of piglets fostered to nurse sows.
Another strategy developed to increase weaning weights in low birth weight piglets is to
introduce creep feed. Creep feeding is the addition of a solid feed source in conjunction with, or
in replacement of, milk produced by the sow, and is typically done during the last week of
lactation. Creep feeding can also serve as a form of supplemental or replacement nutrition in the
event of insufficient milk production due to a large litter or a low-producing sow. Creep feeding
piglets prior to weaning results in reduced time until first feed intake after weaning, as well as
increased visits to feeding areas with confirmed feed intake during the first eight days postweaning. Post-weaned piglets that consumed creep feed visited an average of 10.8 times as
opposed to 8.2 times for non-creep-feed piglets (Bruininx et al., 2002). Post-weaning
performance was improved, including increased average daily gain and total body weight gains,
in piglets from the same litter that ate creep feed compared to those that did not (Bruininx et al.,
2002; Sulabo et al., 2007).
However, management strategies that increase access to mature milk to increase weaning
weights may not have an impact on replacement gilt fertility or longevity. Early colostrum
exposure appears to be critical to postnatal development of the reproductive tract, as seen in gilts
bottle-fed for two days and then returned to sows until postnatal day (PND) 14. Gilts deprived of
colostrum showed reduced reproductive development relative to gilts suckled exclusively during
this same time frame (Miller et al., 2013). The lack of ability to recover developmentally like
their littermates indicates something in colostrum necessary for reproductive development.
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Early postnatal development of the gilt reproductive tract
Like some other mammalian species, swine uterine development begins during gestation
and is completed postnatally (Bartol et al., 1993; Gray et al., 2001). Postnatal growth is divided
into two periods of endometrial development in the gilt. PND 0 to PND 7 is recognized as the
infantile period, which includes the point prior to and during the development of the endometrial
gland in the gilt. Over the next seven days (PND 7 to PND 14), DNA synthesis in the germinal
epithelium peaks continues, and this is known as the proliferative period (Spencer et al., 1993).
Endometrial glandular epithelium, which is later responsible for glandular secretions in the
uterus, is formed by the invasion of the simple luminal epithelium into the underlying stromal
tissue. This period of glandular development, also known as adenogenesis, is accompanied by
estrogen receptor 1 (ESR1) expression in the growing glandular epithelium between birth and
PND 2 (Masters et al., 2007).
Piglets suckled for two weeks had much greater cervical development compared to those
piglets fed milk replacer exclusively until PND 14. In contrast, replacer-fed piglets showed
cervical histology similar to tissue samples from piglets taken at PND 0 (Camp et al., 2014), thus
demonstrating the impact of sow milk on reproductive tract development. Results by Chen et al.
also corroborate these findings. Specifically, uterine ESR1, vascular endothelial growth factor
(VEGFA), and matrix metalloproteinase-9 (MMP-9) protein levels were below the assay
sensitivity (P < 0.01) in replacer-fed gilts (2011). Together, these data support the lactocrine
signaling hypothesis, and the presence of bioactive factors crucial for reproductive development
transferred from dam to offspring during nursing (Bartol et al., 2009; Bartol et al., 2013).
To determine the importance of colostrum consumption specifically in the immediate 48
h post-parturition on adenogenesis, gilts were removed from the litter and kept from nursing their
dam for two days after birth (lactocrine-null). After 48 h, lactocrine-null gilts were returned to
their respective dams until two weeks of age. Compared to littermates that nursed, endometrial
adenogenesis was greatly diminished; endometrial thickness and gland depth were reduced. This
study also showed that the lactocrine-null gilts were unable to recover uterine development by
PND 14 (Miller et al., 2013). There was no difference in endometrial histology on PND 2
between gilts nursed and those on milk replacer, but PND 14 differences were apparent in
endometrial thickness and gland penetration depth (Miller et al., 2013).
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Lactocrine hypothesis
Communication between sow and piglet
Maternal influences on offspring development continue after birth, through the transfer of
bioactive factors in milk to suckling neonates (Bartol et al., 2009). Researchers F. Bartol and C.
Bagnell coined the term “lactocrine hypothesis,” which is defined as “the transmission of
bioactive factors from mother to offspring as a consequence of nursing” (Yan et al., 2006b;
Bartol et al., 2008; Bartol et al., 2013). Beyond lactation serving a nutritive purpose, this unique
feature of mammals is also key in delivering bioactive factors from the mother to the neonate in
support of postnatal growth and development (Peaker, 2002). The nutritional and immunological
effects of milk on neonatal health and development are well documented; however, the bioactive
factors in milk and the mechanism of action are incompletely understood.
The importance of receiving colostrum within the first 36 hours revolves not only around
what is present in the colostrum, but also in how the piglet is able to absorb what is available.
Within the first 48 hours of life, piglets are capable of ingesting up to 30% of their body weight
in milk, as well as any bioactive compounds transported with it (Bagnell et al., 2005). Lactocrine
signaling slows down considerably as the junctions in the piglet’s gut lining form; by 36-48
hours, the transfer of larger colostrum components to the neonate through the wall of the
intestine is substantially limited. The ability to absorb colostrum begins to decrease within six
hours of birth (Bourne et al., 1978; Drew et al., 1990; Lanza et al., 1995; Bagnell et al., 2009).
Milk-borne bioactive factors
The role of colostrum serving as a vector for immunoglobulins necessary for passive
immunity is well-documented. However, there are a multitude of other compounds transmitted
via colostrum which may have a substantial impact on the growth and development of the
neonate as well. Some of the other identified factors are protein hormones such as insulin,
insulin-like growth factor I, epidermal growth factor, growth hormone, prolactin, and leptin.
These hormones are present in higher concentrations in the milk passed to the neonate when
compared to hormonal concentrations in maternal circulation (Grosvenor et al., 1993).
Insulin-like growth factor-I (IGF-I) concentrations are highest in prepartum colostrum,
then begin to drastically decrease; prepartum mammary secretions had concentrations of 18 ± 2.9
nM IGF-1, while d 1 colostrum had 9.4 ± 1.4 nM, and between d 1 and d 2, there was a 4- to 5-
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fold decrease (Donovan et al., 1994). IGF-I greatly influences piglet intestinal development.
Houle et al. found an increase in intestinal enzymes and villus height in piglets administered
human IGF-1. Terminal ileum villus height was approximately 50% greater in piglets which
received formula containing 500 µg/L IGF-1 relative to piglets fed formula alone (1997). Houle
et al. also found increased jejunal lactase phlorizin hydrolase activity, mRNA abundance, and
increased intestinal cell hyperplasia in cesarean-delivered piglets orally dosed with IGF-I
compared with control animals fed the same vector formula in a later study (2000). Small
intestinal weight, protein, and DNA content in formula-fed piglets was also increased after
recombinant human IGF-I administration for four days, but circulating IGF-I was not different
between control and treated piglets, potentially indicating that IGF1 activity is limited to the
gastrointestinal tract (Burrin et al., 1996). In another study, radioimmunoassay measures of piglet
serum found only 0.21% of recombinant human IGF-I was absorbed, whereas 14% of the dose
was associated with the lining of intestine samples taken four hours after feeding, which was
approximately six hours after cesarean delivery (Donovan et al., 1997). Growth of other tissues
in the body such as the liver, kidney, spleen, and muscle is also stimulated by milk-borne
bioactive factors (Burrin et al., 1992). Fractional protein synthesis rates in each of these tissues,
as well as the absolute protein synthesis rates in liver and spleen, were higher in piglets fed
colostrum for 6 h after birth relative to those fed mature milk or water.
Estrogen has been implicated in early-postnatal reproductive tract development. Studies
by Yan et al. demonstrated estrogen dependent growth of endometrial glands in uterus and cervix
between PND 0 and 14 (2006a). Administration of the estrogen receptor antagonist ICI 182,780
on PND 0 inhibited endometrial gland development when samples were recovered on PND 14;
however, estrogen receptor mRNA expression was not changed due to treatment, thus indicating
the importance of the expression and activation of a functional estrogen receptor system for
complete endometrial maturation in the neonatal gilt (Tarleton et al., 1999).
Bartol and Bagnell and their respective research groups have extensively investigated the
bioactivity of the hormone relaxin (RLX) in sow milk. RLX is released in the periparturient
period in the sow and stimulates smooth muscle relaxation to aid in the passage of neonates
during parturition (Sherwood, 2004), as well as aid in uterine changes to prepare for fetal growth
(Cullen and Harkness, 1964). There is conflicting evidence as to the source of RLX in the
mammalian body. Some believe it to be synthesized somewhere other than the mammary glands,
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but then is transferred to the milk supply and in turn transmitted to the newborn through
colostrum and milk (Bartol et al., 2009). However, there is evidence in humans of RLX gene
expression in mammary tissue (Tashima et al., 1994), thus supporting the idea of local
production (Bagnell et al., 2009). The concentration of RLX found in porcine colostrum is
approximately 10- to 20-fold higher than the amount of RLX in sow circulation in the period
immediately following parturition (9-19 ng/ml compared to 1 ng/ml, respectively) (Bartol et al.,
2009). Others found similar concentrations of 17.3 ± 1.4 ng/ml in milk samples taken at
parturition (Yan et al., 2006b). Since concentrations of RLX are far higher in sow milk relative
to sow serum, this is indicative of mammary synthesis or active transport of RLX into milk to
increase concentration (Bagnell et al., 2005; Frankshun et al., 2011). There is evidence of RLX
expression in adipose tissue. Hausman et al. used a global proteomics approach to investigate
proteins in fetal and neonatal porcine adipocytes and adipose tissue from 5-7 d old piglets. RLX
was reported for the first time from adipose tissue (2006). This finding supports the idea of
localized production in the mammary gland due to the high amount of adipose tissue associated
with mammary fat pad (Bagnell et al., 2009). Currently, there is no evidence that RLX is
synthesized in neonatal uterine tissue in pigs.
RLX is transferred from mother to offspring as a direct result of nursing (Yan et al.,
2006b) in a bioactive form (Bartol et al., 2009). Since piglets are capable of ingesting up to 30%
of their body weight in milk within the first 48 hours, this can result in microgram quantities of
milk-borne RLX being ingested (Bagnell et al., 2005), as well as high levels of other bioactive
factors. To estimate transfer of RLX in colostrum to nursing piglets, Yan et al. (2006) measured
serum RLX levels in nursed and milk replacer-fed piglets on PND 1, and found nursed piglets
averaged more than 200 pg/ml in serum samples versus undetectable RLX levels in replacer-fed
piglets (Yan et al., 2006b).
The presence of RLX in colostrum and its impact on gilt reproductive development has
also been investigated extensively. Yan et al. found that, when RLX was injected intramuscularly
into gilts for two days following birth, uterine ESR1 and VEGF expression increased relative to
other piglets; however, uterine RXFP1 expression was not impacted (Yan et al., 2006a; Yan et
al., 2008). In a later study, Bartol et al. concluded that ingestion of milk-borne RLX affects gene
expression of ESR1 and VEGFA as a direct result of colostrum consumption (Bartol et al.,
2013). Exogenous supplementation of RLX to nursing gilts via milk replacer every 6 h for 48 h
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increased uterine expression of ESR1 and VEGFA by PND 2 relative to other groups, and
uterine weight is also increased (Chen et al., 2011). However, there was no effect of RLX
treatment on gene expression, suggesting that other factors in colostrum potentiate the effect of
the hormone on reproductive tissues.
Currently, the specific long-term effects of RLX or any other bioactive compounds on
replacement gilt reproductive performance is being investigated. There is evidence suggesting
reproductive performance in mature sows is lower if colostrum consumption is minimal;
replacement gilts with less colostrum consumption than littermates had reduced litter sizes when
they entered the breeding herd (Bartol et al., 2013). Given information about hindered
reproductive tract development in early neonates following colostrum-deprivation when
compared to RLX-supplemented piglets, in conjunction with the knowledge that low colostrum
consumption results in decreased reproductive capacity during adulthood, it can be hypothesized
that reproductive performance is hindered in the long-term as well as a direct result of receiving
sub-adequate amounts of milk-borne bioactive components.
RLX has been implicated in facilitating the growth and remodeling of reproductive
tissues later in life as well. Lenhart et al. injected approximately 115 d-old prepubertal gilts with
purified porcine RLX or saline every 6 h for 54 h and then collected uterine and cervical tissues
as well as uterine flushes. RLX was shown to significantly increase matrix metalloproteinase-2
(MMP-2) and MMP-9 concentration in the uterine lumen. However, western blot analysis of
MMP-2 and MMP-9 abundance in uterine and cervical tissue found no effect of RLX on levels
of expression. The investigators hypothesized that the MMP proteins were synthesized in the
tissue and then secreted in the lumen. RLX was also found to affect gelatinase activity. Both
uterine and cervical tissue had reduced peptide degradation and collagen IV degradation as a
result of RLX treatment, but RLX increased peptide degradation and collagen IV degradation
activity in the uterine lumen (Lenhart et al., 2001).
Dietary fat
The role of lipids in the body
Lipids are highly variable in milk and have many roles in physiological processes. What
once were viewed as strictly components of cell membranes, lipids are now recognized as crucial
precursors of signal-transduction molecules (Liscovitch and Cantley, 1994). For instance,
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diacylglycerol, produced by phosphoinositide-specific phospholipase C (PLC) is well established
as a component of a commonly recognized signal-transduction pathway in cells (Nishizuka,
1992). Ceramides have been implicated in events such as protein phosphorylation (Goldkorn et
al., 1991; Mathias et al., 1991) and apoptosis (Obeid et al., 1993). Dietary fats are also critical for
hormone synthetic precursors involved in reproductive tract development. Reproductive
hormones are primarily lipid-based and can be divided into steroids and eicosanoids. Once lipids
enter the body and are broken down, they are resynthesized into the steroidogenic hormone
precursor cholesterol and the eicosanoid hormone precursor arachidonic acid, from which the
hormones progesterone, estrone, estradiol 17β, testosterone, and prostaglandins are synthesized
(Johnson, 2007).
Milk fat functions in part as a delivery method of bioactive substances during digestion.
In addition to the triglyceride core of milk fat globules are fat-soluble vitamins and hormones, as
well as a cytoplasmic droplet in which can be found water-soluble factors including microRNA
and mRNA. Bioactive factors that may be sensitive to breakdown during transit through the
gastrointestinal system are protected in these hydrophilic vesicles until they can be delivered to
the intended target tissue or system (Martins et al., 2007). However, if increasing fat in the sow
colostrum results in decreased colostrum consumption overall, this may also result in fewer
bioactive compounds essential for reproductive tract development being ingested. This may
result in hindered reproductive development, thus impacting lifelong reproductive performance.
Research on milk fat and milk fat globules functioning as a vector system is needed to
investigate the delivery of any reproductive-development-specific bioactive compounds to gilts
in the future.
Lipids and piglet neonatal development
Lipids have been shown to impact piglet neonatal development. Le Dividich et al.
showed that increasing fat levels in colostrum linearly increased the piglet’s energy intake and
carcass fat deposition, despite a linear decrease (P < 0.08) in total colostrum intake by 5.9 g/kg
average body weight per 1% increase in fat. Gross energy intake and metabolic energy intake
increased by 7.65 and 4.09 kcal/kg average body weight per 1.0 g/kg of average body weight
increase in fat intake of the sow, respectively. Carcass fat deposition also increased at a rate of
0.36 g/kg of average body weight per 1.0 k/kg of average body weight increase in fat intake (Le
Dividich, 1997). An increase in survival of low-birth weight pigs (< 900 g) occurred when
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percent fat of sow diet was increased from 32% in control litters to 53% and 68% in litters from
long-chain and medium-chain triglyceride-fed sows, respectively (Azain, 1993).
An early study of fat supplementation in the form of corn oil as a method to improve
survival or weight gains found that piglets dosed with a total of 8 ml in four doses during the first
48 h postpartum did not affect preweaning survival rate (P > 0.10); however, low birth weight
piglet survival improved to 3 d of age (P < 0.05), but not to weaning (Pettigrew et al., 1986).
Corn oil was chosen as the fat supplement based on easy obtainability rather than fatty acid
profile. This can be a factor in utilization, such as the effect of medium-chain triglycerides
(MCT) over long-chain triglycerides (LCT). A study which looked at the utilization of MCT by
piglets after direct administration without suckling showed that, specifically, when 12 ml of
MCT were administered to piglets, blood urea N2 decreased (P < 0.05), indicating the fat was
successful as a fuel source since it decreased the need to use body protein (Benevenga et al.,
1989). Odle et al. also supplemented piglets with triglycerides containing fatty acids of even (C8,
C10) or odd (C7, C9) medium-chain length (even-MCT, odd-MCT, respectively) or long(≥C16) chain length (LCT) and found reduced 24-h N2 excretion compared to animals given
water only (1989).
Detection of colostrum consumption in piglets
Immunocrit as a measure of colostrum consumption
Currently, there exists a single method to detect colostrum consumption in newborn
piglets. Immunocrit values, which are measures of blood immunoglobulin levels, were found to
be an indirect measure of colostrum intake in piglets (Vallet et al., 2013). The immunocrit assay
is accomplished by precipitating the gamma immunoglobulins from a serum sample, thus
indicating the relative level of immunoglobulins passively transferred to the piglet via colostrum
from the sow. Piglets with low immunocrit values, indicating lower colostrum intake, were
associated with lower survival rates in comparison to piglets with high immunocrit values (Vallet
et al., 2013). Gilts with low d 1 immunocrit values had reduced growth rates and increased age at
puberty. Moreover, these gilts had reduced litter average immunocrit, indicating colostrum
consumption after birth impacted colostrum production as a sow in the breeding herd (Vallet et
al., 2015). This data supported a link between colostrum consumption and reproductive
performance (Bartol et al., 2013), and the hypothesis that reduced reproductive performance in
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gilts is due to a reduction in uterine development from low colostrum consumption. A noninvasive measure of colostrum consumption is needed as an indicator for reproductive
development and potential later in life.
Multiple reaction monitoring-profiling for biomarker discovery
Multiple reaction monitoring-profiling (MRM-profiling) is a technique that screens for
chemical classes and functional groups based on fragment sizes as opposed to searching for
specific molecules, thus making it ideal for biomarker discovery (Ferreira et al., 2016; Cordeiro
et al., 2017). This is typically a two-step process: discovery followed by screening. Discovery is
the examination of molecules from representative samples using a triple quadrupole mass
spectrometer set to run different experiments looking for fragmentation features related to
specific chemical classes using the precursor (Prec) and neutral loss (NL) scan modes. Prec and
NL scans are unique to this approach since traditional metabolomics discovery involves the
detection of all ions in a full scan mode as well as their respective product ions, whereas Prec
and NL scans will only record precursor molecules which have expected fragments, or product
ions, associated with certain functional groups. Screening is the organization of molecular
features found in the discovery step into groups, also known as methods (Cordeiro et al., 2017).
Once molecular profiles are determined across samples, biomarkers are identified by determining
molecules differentially expressed between groups using various statistical approaches, including
receiver operator characteristic (ROC) curve analysis. The area under curve (AUC) of ROC
analysis is a measure of the usefulness of a test, in terms of sensitivity and specificity, where an
AUC closer to 1.0 indicates a more useful test (Faraggi et al., 2003).
MRM-profiling has been used successfully to identify biomarkers for polycystic ovary
syndrome, also known as PCOS (Cordeiro et al., 2017) after previously using lipid fingerprinting
of follicular fluid to identify differences in individuals with PCOS (Cordeiro et al., 2015), the
most common endocrine metabolic disease in women capable of reproduction (DiamantiKandarakis et al., 1999). In 2015, women with polycystic ovarian syndrome (PCOS) were
compared to control women and women with a hyper response to gonadotropins (HR), and lipid
profiles indicated particularities related to differences in phosphatidylcholine (PCOS and HR),
phosphatidylserine, phosphatydilinositol and phosphatidylglycerol (control), sphingolipids
(PCOS), and phosphatidylethanolamine (control and HR) (Cordeiro et al., 2015). This led to the
use of MRM-profiling to characterize PCOS individuals, and 19 of 20 selected transitions, which
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corresponded to phosphatidylethanolamine and phosphatidylserine lipids, showed lower
abundances of these transitions in the blinded PCOS group. Over 70% agreement with clinical
diagnosis was found when classifying the 26 blind samples using the selected biomarkers
(Cordeiro et al., 2017). MRM-profiling has also been used successfully in animal models identify
differential biomarkers. Epidermal lipids unique to mice exhibiting symptoms characteristic to
dermatitis were used to successfully discriminate afflicted mice from controls (Franco et al.,
2018).
MRM-profiling and vaginal swabbing as a diagnostic tool
Since the anterior vagina is developmentally related to the uterus, we propose a novel
approach to following reproductive developmental trajectory in gilts across time by analyzing the
vaginal lipid profile using MRM-profiling. Since nutritional environment affects the
reproductive development of swine, we envision that vaginal lipidome can be used to
differentiate between gilts with low and high reproductive potential. The effects of colostrum and
associated milk-borne bioactive factors on the developmental trajectory of uterine tissue have
been previously described (Yan et al., 2006b; Yan et al., 2008; Miller et al., 2013; Camp et al.,
2014). Furthermore, since vaginal tissue arises from the same developmental origin as the uterus
and cervix, the Müllerian duct, (Cai, 2009), it can thus be hypothesized that the vaginal
environment undergoes similar developmental changes as the rest of the reproductive tract and
would face similar developmental responses due to differences in early nutrition.
Here, we investigated the opportunity for a noninvasive procedure to identify gilts
experiencing delayed reproductive development early in life due to reduced colostrum intake.
This serves a greater practical purpose of identifying future low-performing replacement sows
and thus reducing resources spent on raising gilts as potential replacements as opposed to market
gilts. Identifying early lipid biomarkers correlated with reduced reproductive development can be
accomplished using collection of vaginal cells using a swab. Human buccal cell samples
collected from swabs have been used successfully to measure dietary responses to lipids as they
are incorporated into cheek cells. Klingler et al. analyzed the effects of a 29 d supplementation
trial with 510 mg docosahexaenoic acid (DHA) and found a mean DHA increase relative to
baseline in plasma (186%), cheek cells (180%), and erythrocytes (130%) (2013). Preliminary
research by us demonstrated divergent lipid profiles of gilts fed milk replacer until PND 2,
returned to the sow, and suckled until PND 14 relative to gilts suckled until PND 14. Vaginal
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swab samples and vaginal tissue samples were collected, and multiple-reaction monitoring
(MRM) profiling was used to detect differences in lipid profiles. A collection of eight parentfragment pairs were identified as highly predictive biomarkers (Casey et al., 2018).
This information warrants further investigation; not only does it hold potential to save the
swine industry money due to allocating resources more appropriately, but identification of lipids
associated with the reproductive tract which respond to early postnatal nutrition can be a
valuable research tool to further elucidate the effects of colostrum and milk on reproductive
development.
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THE IMPACT OF COLOSTRUM VERSUS FORMULA
FEEDING AND FAT SUPPLEMENTATION ON VAGINAL LIPIDOME
AND UTERINE DEVELOPMENT IN GILTS ON POSTNATAL DAY 2

Introduction
Genetic selection for larger litter size in the swine industry has resulted in a greater
proportion of low birth weight piglets. The low birth weight piglets are less feed efficient than
their heavier birth weight counterparts (Fix et al., 2010; Schinckel et al., 2010) and are less able
to compete for access to colostrum in the early postpartum (Rutherford et al., 2013). They also
have a reduced capacity for colostrum consumption (Amdi et al., 2013), and competition
between piglets in a litter for teat access is a hindrance in ensuring each piglet gets the necessary
nutrient intake for survival and development early in life (Dividich et al., 2005). Moreover,
contrary to mature milk yield, which increased in relation to litter size, the amount of colostrum
produced is independent of the size of the litter being nursed and varies by sow (Devillers et al.,
2007).
The composition and balance of sow milk nutritional components and bioactive
molecules shift to reflect the changing needs of the growing piglets (Sheffy et al., 1952;
Whittlestone, 1952; Fahmy, 1972; Krakowski et al., 2002). Colostrum ingestion is essential for
postnatal piglet survival, growth and development because it provides immunity, nutrients,
energy and bioactive factors (Peaker, 2002; Dividich et al., 2005). Moreover, there is a strong
link between adequate colostrum intake and long-term reproductive performance of gilts.
Replacement gilts that had low colostrum intake as a piglet compared to their littermates had
reduced litter sizes relative to other sows (Bartol et al., 2013). In addition, gilts fed only milk
replacer for two days after birth had impaired uterine adenogenesis compared to gilts that
suckled colostrum (Chen et al., 2011; Miller et al., 2013).
The window of opportunity for milk-borne bioactive factors to influence neonate
development, termed lactocrine signaling, is limited, and primarily occurs prior to closure of
tight junctions between cells lining the piglet’s gut. Closure of the gut occurs by 48 hours
postnatal (Bartol, 2009), with some reporting closure as early as 36 hours, that causes a
diminished ability of the piglet to absorb large molecules within colostrum beginning at six hours
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(Bourne et al., 1978; Drew et al., 1990; Lanza et al., 1995). During the first 48 hours of life,
piglets ingest up to 30% of their body weight in milk (Bagnell et al., 2005), and this is a critical
developmental period for the gilt reproductive system, particularly the formation of uterine
glands, otherwise known as adenogenesis (Bartol et al., 1993; Gray et al., 2001). Bioactive
factors transferred via colostrum significantly affect the developmental trajectory of uterine
tissue (Yan et al., 2006b; Yan et al., 2008; Miller et al., 2013; Camp et al., 2014). Colostrumdeprivation also resulted in significantly different patterns of uterine gene and protein
expression, including levels of estrogen receptor-α (ESR1), vascular endothelial growth factor
(VEGFA), relaxin (RLX) receptor (RXFP1), and matrix metalloproteinase-9 (MMP-9) on
postnatal day (PND) 2 (Chen et al., 2011). Gilts fed milk replacer for two days and then returned
to sows until PND 14 exhibited reduced endometrial gland development compared to gilts that
suckled their dams during this same time frame (Miller et al., 2013).
Stalder et al. (2003) suggested that a sow must remain in the breeding herd for a
minimum of three parities before a producer would earn a return on investment in raising
replacement sows. There would be a significant economic advantage to producers if they could
identify replacement gilts with high reproductive potential as a nursery piglet and prior to the
expense of raising gilts to breeding age and weight. Postnatal day 1 immunocrit, a measure of
blood immunoglobulin levels, was shown to be predictive of long-term fertility (Bartol et al.,
2013). However, measuring immunocrit requires blood collection shortly after birth and thus is
not a practical approach to identify replacement gilts in large modern swine operations.
The link between early nutritional environment, uterine development, and subsequent
reproductive potential led to the hypothesis that early nutritional environment affects
reproductive tract development and that early changes seen in development would be indicative
of subsequent long-term reproductive performance of gilts. Metabolites within tissues and body
fluids are directly related to the phenotype of an animal since they reflect combined information
from both genetics and environmental influences, with metabolomics considered a functional
readout of the physiological or pathological state of an organism (Monteiro et al., 2013). Studies
in humans have reported that lipid profiles of buccal cheek swabs varied by diet (Klingler et al.,
2013); therefore, we hypothesized that lipid profiles of swabs taken from cells lining the vagina
would differ between gilts with different early nutritional exposures. Vaginal swabs were used
since the anterior vagina is embryologically related to the uterus and develops postnatally along a
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similar trajectory (Cai, 2009). Using a biomarker-discovery technique known as multiple
reaction monitoring (MRM) profiling, Casey et al. (2018) reported that lipid profiles of vaginal
swabs taken on postnatal day 14 differed between gilts that were fed milk replacer during the
first 48 h postpartum before return to litter versus gilts that suckled sow’s milk continuously
from birth. While these studies supported the potential of using MRM analysis to identify lipid
biomarkers that distinguished between gilts exposed to different nutritional environments the
first 2 days postnatal (Casey et al., 2018), the lapse of time from colostrum exposure and
relatively small sample size limited interpretation.
In this study, we further investigated the efficacy of using MRM-profiling to differentiate
PND 2 vaginal swabs between gilts suckled by sow or fed milk replacer, both with and without
animal fat supplementation. It is clear from the literature that early nutritional environment
impacts reproductive development. Neonatal piglets are able to use supplemental fat sources for
energy; piglets administered even or odd medium-chain or long-chain length triglycerides have
reduced blood urea N2 (Benevenga et al., 1989) and reduced 24-h N2 excretion (Odle et al.,
1989). Increasing fat levels in colostrum linearly increase the piglet’s energy intake and carcass
fat deposition (Le Dividich, 1997), and essential oil supplementation affects the growth
performance of weaned pigs (Su et al., 2018). Clearly, lipids serve not only as an energy source,
but also have bioactivity that impacts developmental programming. However, the effects of
using different lipid sources in early postnatal nutrition on development still remains unknown.
We hypothesized that source of fat would affect early postpartum reproductive tract
development. We tested this hypothesis by measuring the effect of lard supplementation during
the first 48 h postpartum on PND 2 vaginal lipidome, uterine gene expression, and
histomorphological development.
Methods
Piglet and Sow Handling
All procedures involving animals were reviewed and approved by the Institutional
Animal Care and Use Committee (Protocol #1605001416). Standard farrowing protocols for the
Purdue University Animal Sciences Research and Education (ASREC) Swine facility were
followed. All lipidomics sample preparation and analysis was completed at the Bindley
Bioscience Center at Purdue University.
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Experimental Design
Three to four gilts were selected from each of eight sows which were monitored during
parturition. Immediately after delivery, all gilts were towel-dried, weighed, and placed in a
holding cart until four gilts above 1.3 kg were delivered. Within litter, each set of gilts were
randomly assigned to one of four treatment groups and ear tagged for identification. The four
treatment groups were: 1. suckled (S; n=8); 2. suckled plus fat supplement (SF; n=5); 3. bottlefed with milk-replacer (B; n=8), and; 4. bottle-fed plus fat supplement (BF; n=7). Body weights
were recorded at birth and 48 h.
Fat supplement preparation
A fat supplement was created by emulsifying pork lard (Berkshire pork lard, EPIC;
Austin, TX). Pork lard was used as the fat source because the fatty acid composition of lard is
similar to sow colostrum (Wieland et al., 1993); Tween 80 was used as an emulsifying agent. A
30% volume/volume solution of lard/2% aqueous solution of Tween 80 was prepared using a
homogenizer to microscopically distribute the lipid aggregates with low heat. The emulsion was
stored at 4˚C.
Piglet Care
All gilts were administered a 2 ml dose of Camas experimental antibody product (Camas
Incorporated; Le Center, MN) using Pump It™ Automatic Delivery System (Genesis Industries,
Inc.) at birth, and at 3 h and 9 h after the first dose.
Gilts in B and BF treatment groups were taken to a separate temperature-controlled
nursery, where they were placed in holding cages in groups of 2-3 piglets. Birthright™ milk
replacer (Ralco Nutrition, Inc.) was mixed using the recommended concentration for orphaned
piglets, which was 1:2 replacer to tap water. Reconstituted milk replacer was stored in a
refrigerator and warmed to room temperature prior to feedings. Piglets were fed using Evenflo
Classic slow-flow 0-3-month infant bottles (Evenflo Feeding, Inc.) approximately every 2 h,
with a minimum of 5 ml fed per time point. In the event piglets did not consume at least 30 ml
after two consecutive feedings, 15 ml of milk replacer was oral gavage-fed using a 30 ml syringe
and Kendall™ 4.7 mm x 41 cm feeding tube (Medtronic, Minneapolis, MN).
The fat supplement was administered at the back of the throat in 3 ml room-temperature
doses using a 5 ml syringe at 6 h, 12 h, 24 h, and 36 h after birth. Swallowing was observed to
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ensure the supplement was delivered. Animals were euthanized approximately 48h after birth
using CO2 inhalation.
Sample collection
Blood collection
Blood samples were collected from gilts at birth, and again at 24 h and 48 h postnatal. A
22g x 1.5-inch needle and a 3 ml serum Vacutainer® (BD Life Sciences) tube was used to collect
blood from jugular venipuncture. Blood samples were refrigerated and allowed to clot overnight.
Serum was collected following centrifugation (Horizon Model 614B Centrifuge; Fisher
Scientific) for 25 minutes at 2,500 g and stored at -20°C until analysis.
Milk collection
Sows were milked at parturition, and 6 h, 12 h, 24 h, and 48 h after delivery of first
piglet. Colostrum samples were collected manually during farrowing from all teats and combined
to create a uniform sample. Samples were stored until further analysis at -20°C. For milk
collection at 24 h and 48 h after parturition, piglets were removed from the sow for
approximately an hour and then 1 ml oxytocin (VetOne; Boise, ID; 20 USP/mL) was
administered IM using a 20g x 1.5-inch needle into the vulva to stimulate milk letdown. Milk
was then collected manually as above.
Swab and tissue collection
Following euthanasia, skin of the abdominal and genital regions was cleaned thoroughly
using 70% ethanol, and vaginal swabs were taken using a cytology brush (Puritan 2196
Removable Stiff Bristle Tip Brush; QuickMedical; Issaquah, WA) prior to dissection of the
reproductive tract. Vaginal swabs were taken by inserting the tip of the brush into the vulva
angled dorsally at 45˚. Once inserted to the base of the bristles, the brush was rotated 360˚
against the vaginal surface. The swabs were placed in separate 15 ml sterile polypropylene
conical tubes (Falcon™, Fisher Scientific, San Jose, California) and immediately placed on dry
ice for transport. Samples were stored in a -80°C freezer until lipid extraction and analysis.
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A 2 cm portion of the right uterine horn was excised just anterior to the bifurcation and
placed in 10% neutral-buffered formalin for histological analysis. A 2 cm section of the left
uterine horn beginning at the bifurcation was excised and immediately placed in 500 µl QIAzol®
Lysis Reagent (Qiagen; Valencia, CA, USA) and flash frozen in liquid nitrogen. Samples were
transported to the lab on dry ice and stored in a -80˚C freezer until extraction of total RNA.
Lipidomics Analysis
Workflow Overview (Figure 1)
The first step of MRM (discovery phase) screened for lipid chemical classes and
functional groups present in pooled samples of vaginal swab extracts based on fragment sizes as
opposed to searching for specific molecules or recording all molecules and fragments present
(Ferreira et al., 2016; Cordeiro et al., 2017). The next step was screening phase I, which profiled
individual samples based on the set of parent ion/product ion pairs, also known as transition ion
pairs or MRM transitions, which were identified in the discovery phase. Once molecular profiles
were measured across all samples, MRM transitions differentially expressed between groups
were identified by applying various statistical approaches, including receiver operator
characteristic (ROC) curve analysis using MetaboAnalyst 4.0 (Chong et al., 2018). Screening
phase I measured the intensity of all ion pairs identified in the discovery phase, and analysis was
aimed at selecting MRM transitions that differentiated between suckled and bottle-fed groups (S
and SF versus B and BF; Method 1) and gilts with and without fat supplementation (S and B
versus SF and BF; Method 2). Screening Phase II measured sample intensity of MRM transitions
organized into Method 1 and Method 2.
Lipid extraction
The Bligh & Dyer (1959) method was modified to extract lipids from the vaginal swab
samples. A volume of 500 µl distilled water was added to the conical tube containing the swab
brushes and vortexing was used to remove biological material from the brush. The brushes were
removed, the sample homogenate was transferred to a new tube, and phase separation was
performed by mixing with chloroform/methanol/distilled water (1:2:0.8). Samples were
centrifuged, the organic phase (bottom phase) was separated from aqueous phase, divided into
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four aliquots, and dried in a centrifugal evaporator (Savant SpeedVac AES2010, ThermoFisher
Scientific, San Jose, CA). Dried lipid extracts were stored at -20˚C until mass spectrometry
analysis.
The Bligh & Dyer (1959) lipid extraction method was also used to extract lipids from 48
h serum samples from suckled and bottle-fed piglets; colostrum samples taken from all eight
sows (during parturition, 6 h after first piglet born, 12 h after, and 24 h after); and milk replacer
used for bottle-feeding. The procedure for these samples began at the phase separation step (i.e.
no water was added to the samples).
Multiple reaction monitoring (MRM)-profiling
For the discovery phase of MRM-profiling, vaginal lipid extracts were pooled by
treatment to determine the functional groups present in samples. Pooled samples were prepared
by combining equal volumes of lipids rehydrated in 200 µl of the flow injection solvent
[acetonitrile/methanol/ammonium acetate 300 mM at 3:6.65:0.35 (v/v)]. Pooled sample
injections (8 µl) were delivered to the micro-autosampler (G1377A) in a QQQ6410 triple
quadrupole mass spectrometer (Agilent Technologies, San Jose, CA) equipped with a Jet stream
ESI ion source. The solvent pumped between injections was acetonitrile with 1% formic acid.
Between sample injections, methanol/chloroform was injected to remove any remaining lipids
before the next sample injection. Samples were examined for fragmentation features of specified
chemical classes using Precursor (Prec) and neutral loss (NL) scan modes. Scans were used to
profile chemical classes; which included phosphatidylethanolamine (PE), acylcarnitines (AC),
cholesterol esters (CE), glycosylinositolphosphoceramides (GIPC), phosphatidic acids (PA),
phosphatidylcholines (PC), alkenyl-acyl PCs (ePC), sphingomyelin (SM), phosphatidylinositols
(PI), phosphatidylglycerols (PG), phosphatidylserines (PS), fatty acids (FA), ceramides, sugar
lipids, and glycerolipids (see Supporting Table 1). Initial data processing of the profiles obtained
was carried out by converting each set of MRM‐profiling method data into mzML format using
MSConvert20. Next, the signal intensity for the ions present in NL and Prec mass spectra was
obtained using an in‐house script. Ions with values of ion counts >1000 were selected as parent
ions and the product ion or neutral loss information was used for putting together ion pairs for
the screening phase.
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For screening phase I, individual sample extracts were analyzed for the MRM transitions
identified in the discovery phase (1486), as well as triacylglycerol (TAG) MRM transitions
(Supporting Table 2). Since TAG have no polar head or diagnostic functional group fragment,
they were not included in the discovery step. Instead, parent ions and a product ion related to the
presence of specific fatty acyl residues (16:0, 16:1, 18:0, 18:1, 18:2, and 20:4) were used. MRM
transitions identified in the discovery step and TAG MRM transitions were organized into 8
groups, or 8 screening methods of MRM analyses. The methods were divided and organized by
factors such as lipid class to optimize the efficiency of the machine and to limit the number of
precursor ion/product ion pairs screened per sample injection. Thus, for each of the 8 methods,
intensities of approximately 250 MRM transition pairs were measured per 8µL sample injection.
Prior to screening, lipid concentration was normalized across samples by scanning for the
precursor ion of m/z 184, which profiles the PC and SM lipids. A choline headgroup is present
on PC lipids that generates a product ion of m/z 184 and is present in high quantities in all
biological membranes. Intensities for PC lipids were measured, and samples were diluted using
the same flow injection solvent to achieve a similar concentration for comparative relative
analysis.
Data from screening phase I were uploaded into MetaboAnalyst to identify MRM
transitions that best discriminated between suckled and bottle-fed gilts. A second set of MRM
transitions were selected based on discrimination between gilts with and without fat
supplementation. There were 146 MRM transitions identified that best discriminated between
suckled and bottle-fed vaginal lipids (S and SF piglets versus B and BF piglets, respectively),
and 197 MRM transitions that discriminated not-supplemented and fat-supplemented vaginal
lipids (S and B piglets versus SF and BF piglets, respectively). The 146 MRM transitions
(Supporting Table 3) and 197 MRM transitions (Supporting Table 4) were organized into two
distinct methods (Method 1 and Method 2, respectively) for screening phase II.
Method 1 and Method 2, which contain the most informative MRM transitions, were
used to evaluate the vaginal lipids from all piglets in screening phase II. The resulting ion pair
intensities were normalized to reflect percent intensity for subsequent comparative analysis.
These data were used to verify the effectiveness of each method to differentiate between piglets
that were: A.) suckled or bottle-fed, or; B.) fat-supplemented or not. Data were uploaded in
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MetaboAnalyst 4.0 by method for statistical analysis to evaluate effectiveness of selected MRM
transitions as biomarkers.
MRM-profiling data analysis in MetaboAnalyst
MetaboAnalyst 4.0 (Chong et al., 2018) was used to identify MRM transitions that were
most discriminatory following the screening phase I (eight methods) and screening phase II
(Method 1 or Method 2) of analysis. Ion intensities of MRM transitions from the screening phase
were used to calculate the relative ion intensity of ion pairs in each sample. Data were uploaded
into MetaboAnalyst 4.0 and normalized using autoscaling. The Biomarker Analysis tool was
used to identify MRM transitions that discriminated between suckled versus bottle-fed gilts and
fat-supplemented versus non-fat-supplemented gilts. Biomarker analysis tools applied included
principal component analysis (PCA), partial least square-discriminant analysis (PLSDA), and
classical univariate receiver operating characteristic (ROC) curve analysis. Using data from
screening phase I, a cut-off area-under-the-curve (AUC) value of 0.70 and 0.80 was used to
select MRM transitions to discriminate between vaginal lipids of piglets suckled versus bottlefed (Method 1), and those with and without fat-supplementation (Method 2).
Lipid identification
Precursor ion/product ion pairs were tentatively assigned identities using attributions in
Metlin (https://metlin.scripps.edu) and LipidMaps (http://www.lipidmaps.org/). A single mass
unit loss was subtracted to account for hydrogen ion loss. Potential identities were assigned using
the associated functional group and biological information. Metlin MS/MS Spectrum Search was
used with the following settings: precursor ion mass from the mass spectrometer reading for m/z
value, maximum tolerance at 100, collision energy at 10 eV or 20 eV, MS/MS tolerance at 0.5,
peaks included the product ion mass m/z with an intensity of 100, positive mode, and M+H was
selected for the adduct. This was to account for the hydrogen ion lost during fragmentation. If the
suspected ion pair was a TAG, M+NH4 was also selected as an adduct to account for ammonium
acetate.
Phospholipids were assigned identity by their class (PS, PI, PE, or PC), the number of
carbon atoms in the esterified fatty acid, and the number of carbon-carbon double bonds present
in the molecule. TAGs were similarly assigned tentative attributions. First, the number of carbon
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atoms in each fatty acyl chain was summed, and the number of carbon-carbon double bonds was
assigned. LipidMaps was used to search for potential TAG identities by using neutral loss, which
is the mass of the uncharged species following dissociation of charged ions. Since searches in
LipidMaps can only be performed using neutral masses, and ammonium acetate was present in
the injection solvent, TAGs were detected as ammonium adducts. For this reason, 18 mass units
(NH4) was subtracted from the parent mass observed in the MS analysis to obtain the neutral
mass for each TAG. Other lipids were searched by accounting for a single mass unit loss to
account for a hydrogen ion only. Results were narrowed using the associated functional group
and biological information, and attributions were assigned where possible.
Swab, serum, and colostrum correlation analysis
Method 1, which was a collection of MRM transitions that discriminated between vaginal
lipids in suckled and bottle-fed animals, was also used to analyze serum lipids collected from the
S and B animals, milk replacer, and colostrum at 0 h, 6 h, 12 h, and 24 h post-parturition. These
resulting intensities were converted to percent intensity for comparative analysis. Pearson’s
correlation coefficient analysis of percent intensities between milk and serum samples, milk and
vaginal swab samples, and serum and swab samples was performed for each of the 38 most
discriminating MRM transitions from Method 1 using the CORR procedure of SAS 9.4 (Cary,
NC). Variables compared were percent intensities of: 48 h swab samples and 48 h serum
samples; 48 h swab samples and respective source of nutrition at 24 h; and 48 h serum samples
and respective source of nutrition at 24 h. Six MRM transitions overlapped amongst the strongest
correlations highly correlating between source of nutrition and swab lipids, and source of
nutrition and serum lipids. Percent ion intensities were compared between milk replacer and
colostrum for those six MRM transitions. Statistics were not performed on colostrum versus milk
replacer since ion intensity results were from only one sample of milk replacer. In addition,
statistics were completed for the percent ion intensities of the six most correlating MRM
transitions to compare suckled versus bottle-fed gilt serum, as well as suckled versus bottle-fed
gilt swab samples. Statistical analysis was completed for individual MRM transitions using the
MIXED procedure of SAS 9.4 (Cary, NC) with individual piglet as the experimental unit and
treatment in the model.
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Tissue Measurements
Histomorphic analysis of uterine development
Tissues were embedded in paraffin for cross sectioning and 4 µM sections were cut and
mounted onto glass slides. Tissue was deparaffinized through 3 changes of xylene and
rehydrated through graded ethanols to water solutions. Hematoxylin and eosin slides were
stained using lab-made Gill’s hematoxylin and eosin on a Leica ST5010 autostainer (Leica,
Buffalo Grove, IL).
Images of histological cross-sections were taken at 100x magnification using a Leica
DFC 3000G microscope camera (Leica, Buffalo Grove, IL). One image was captured per piglet,
and five areas within image were used to measure tissue-thickness using the Ruler tool in the
Leica Application SuiteX 3.0.3.16319 (Buffalo Grove, IL) with QCapture Suite. Thickness
measurements were determined for luminal epithelium, stroma, and myometrium beginning from
luminal side and moving apically, with measures taken perpendicular to the parallel tangents of
the two selected points.
Proliferation rate of uterine epithelial and stromal populations
Slides were immunostained with proliferating cell nuclear antigen (PCNA) to determine
proliferation index of stromal and epithelial cells in uterine sections. Following deparaffinization
and rehydration, slides were placed in a rice steamer with Biocare Medical’s Rodent Retrieval
solution (Pacheco, CA) at 95C for 20 min for antigen retrieval. Slides were cooled to RT,
washed with Tris buffer, and placed in a Dako Cytomation autostainer (Agilent, San Jose, CA)
for the following steps: 5 min incubation with 3% hydrogen peroxide, 20 min incubation with
2.5% normal horse serum, 30 min incubation with mouse monoclonal antibody [PC10] to PCNA
(Abcam, Cambridge, MA) diluted to 1:20000, 30 min incubation with Vector Labs ImmPress
Horse on Mouse secondary antibody (Burlingame, CA), and 5 min incubation with Vector Labs
ImmPact DAB Peroxidase Substrate (Burlingame, CA). To determine rate of proliferation of
epithelial and stromal cells in the uterine horn, two images were captured of non-sequential
immunostained sections using a Nikon Eclipse 50i light microscope (Nikon Instruments Inc.,
Melville, NY) at 200x that were blinded by treatment. Images were saved as TIFF files using
Image Pro Plus 7.0 (Media Cybernetics, Bethesda, MD). Photomicrographs were selected by
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centering on the lumen and then moving the field of view to include the upper-outermost portion
of the myometrium and as much of the tissue section as possible in the frame. Cells were counted
using manual tag tool in Image Pro Plus 7.0 (Media Cybernetics, Bethesda, MD). A minimum of
500 stromal cells and 500 luminal epithelial cells were counted for each tissue sample, beginning
at 12 o’clock relative to the lumen and counting all cells moving clockwise until 500 cells were
obtained for each. Percent proliferation was calculated for stained cells by type (stromal or
epithelial) relative to all cells of that type counted.
Gene expression analysis
RNA isolation
Tissues were homogenized in 500 µL QIAzol® Lysis Reagent using a tissue
homogenizer, 20 µL of chloroform was added per 100 µL Qiazol and samples were mixed by
inverting tubes for 15 seconds, incubated at room temperature for 3 minutes, and incubated on
ice for 2 minutes. Samples were centrifuged (Eppendorf Centrifuge 5424; Eppendorf;
Hauppauge, NY) at 12,000 rcf at 4˚C for 15 minutes. The aqueous phase was transferred to a
RNase free microfuge tube, and an equivalent amount of 70% ethanol was added and vortexed.
Total RNA isolation was completed using a RNeasy Mini Kit following manufacturer’s
directions. Samples were treated with RNase free DNase (Qiagen Inc (Valencia, CA, USA).
RNA concentration was determined with nanodrop and quality measured using the Bioanalyzer
RNA Nanochip (Agilent Technologies, San Jose, CA). Samples had a mean RNA integrity
number of 8.91.
cDNA synthesis
Total RNA (500 ng) was reverse transcribed with GoScript™ Reverse Transcription
System (Promega Corporation; Madison, WI) using oligo dT and random primer mix. RT
reaction was done using the 2720 Thermal Cycler from Applied Biosystems (Foster City, CA,
USA), and cDNA samples were stored until qPCR at -20˚C
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qPCR
TaqMan® Gene Expression Assays from Applied Biosystems (ThermoFisher Scientific)
or Integrated DNA Technologies (Skokie, Illinois) were used to measure BCL2, VEGFA,
MMP9, RXFP1, ESR1, LPL, and SCP2 (Table 1). PrimeTime Gene Expression Master Mix
(Integrated DNA Technologies; Skokie, Illinois) was used and RT-qPCR was run with CFX
Connect™ qPCR Detection System (Biorad; Hercules, CA) the following assay: one cycle of
95˚C for 2 minutes followed by 40 cycles of 95˚C for 15 seconds and 60˚C for 1 minute.
RP18S was used as a reference (housekeeping gene) for calculating relative expression
using the comparative cycle threshold method, also known as 2−ΔΔCT method (Livak and
Schmittgen, 2001). Mean expression (ΔCT) across suckled animals was used as a normalizer.
Data are presented as mean log2 fold change ± SE of relative expression levels.
Statistical Analysis
Statistical analysis was performed using the MIXED procedure of SAS 9.4 (Cary, NC).
Since piglets were randomly allotted at birth, birth weights and 48 h weights were analyzed in
the event they were not consistent across treatment groups. Individual piglets were the
experimental unit, and the model included treatment and sow ID. Histological measurements and
percent proliferation were analyzed with piglet as the experimental unit, and treatment was
included in the model. Unless otherwise stated, values were reported as least square mean (LSM)
± SEM. Tukey-Kramer honest significance tests were used for post-hoc pairwise comparisons. A
P-value less than 0.05 was considered significant.
For gene expression, statistical analysis was performed using the MIXED procedure of
SAS 9.4 (Cary, NC). Expression was analyzed separately by gene with individual piglet as the
experimental unit to determine whether treatment affects gene expression relative to suckled
gilts. Treatment was included in the model. Significance was considered at P ≤ 0.05.
Results
Lipidomics
The discovery phase found a total of 1486 MRM transitions in pooled isolates from
vaginal swabs (Figure 2). Glycerolipids with saturated bonds encompassed 37.1% of identified
lipids. Glycerolipids with unsaturated bonds were next in abundance with 25.1% of identified
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lipids, and acylcarnitines were third most abundant with 15.81%. Glycerolipids were further
broken down by chain-length; 56% glycerolipids with saturated fatty acids contained between
20-30 carbon atoms, and the remainder had fewer than 18 carbon atoms. Glycerolipids with
unsaturated fatty acid residues were mostly fewer than 18 carbons in length, with 59% identified
in this category. Another 27% had between 20-30 carbon atoms, and 13% had greater than or
equal to 30 carbon atoms.
Analysis of the 1486 MRM transitions identified in the discovery phase, plus
approximately 400 triacylglycerols (TAGs) in individual samples during screening phase I,
found 146 MRM transitions that best discriminated between suckled and bottle-fed vaginal
lipids, and 197 MRM transitions that best discriminated between vaginal lipids of gilts with and
without fat-supplementation. For screening phase II, the 146 MRM transitions (Supporting Table
3) and 197 MRM transitions (Supporting Table 4) were organized into two distinct methods
(Method 1 and Method 2, respectively). Only three MRM transitions overlapped between the
two methods. Moreover, the distribution of lipid classes within Method 1 and Method 2 was
different compared to the distribution of lipid classes identified during the discovery phase. The
distinct distribution of lipids between discovery phase and Method 1 and 2 supports the
discriminatory capacity of the screening methods selected.
Within Method 1, 27% of MRM transitions were TAGs and 24% were acylcarnitines
(Figure 3). Glycerolipids with unsaturated fatty acid residues made up 18%, whereas 14% were
glycerolipids with saturated fatty acid residues. All other lipid classes were less than 10% of
included MRM transitions (Figure 3). Tentative attributions were assigned to 91/146 lipids in
Method 1 (Supporting Table 5). Comparing MRM intensities measured during Method 1
analysis across suckled versus bottle-fed groups found distinct distributions by both principal
component and hierarchical cluster analysis (Figure 4). ROC curve analysis found 18 MRM
transitions with AUC values greater than 0.90. Of the 18, we were able to assign 15 tentative
attributions, which included hydroxy octadecanoyl carnitine, two TAG(46:1), TAG(48:2),
TAG(48:1), PG(36:2)/PI(30:4), PC(36:7), TAG(44:1), PG(34:6), PE(34:4), PE(36:5), PE(38:5),
two TAG(44:0), and TAG(48:3) shown in Table 2. The percentage of TAGs identified in this
group (44%) was greater than the percent of TAGs present in the entire list of Method 1 ion pairs
(27%). The 20 most discriminating lipids recovered from the vaginal swabs, which differentiated
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between suckled versus bottle-fed piglets, showed a greater relative abundance in most bottle-fed
gilts relative to suckled gilts (Figure 4).
Method 2 analysis found that glycerolipids were the most differentiating class of lipids
between fat-supplemented piglets and non-supplemented piglets (Supporting Table 4).
Glycerolipids with saturated fatty acid residues encompassed 42% of included MRM transitions,
while glycerolipids with unsaturated fatty acid residues made up another 30% of MRM
transitions selected for Method 2 screening (Figure 5). Ceramides comprised 14%, and all other
groups were less than or equal to 5%. Distinction between gilts with and without fat
supplementation was not as strong as suckled versus bottle-fed (Figure 6). However, ROC curve
analysis identified 15 MRM transitions with AUC values ranging from 0.64583 to 0.78125
(Table 4). Relative mean ion intensity was compared for each of the top four MRM transitions
between treatments. There was a significantly higher relative mean ion intensity for SF piglets
relative to S piglets for a cholesterol ester, identified with the MRM transition 425.4-369.1
(Figure 7). Fat-supplemented piglets (SF and BF) had numerically higher means when compared
to non-supplemented piglets (S and B). The other three MRM transitions had numerically lower
relative mean ion intensities for fat-supplemented piglets relative to non-supplemented piglets.
Correlation analysis of swabs, blood serum, and colostrum/milk replacer using Method 1
To investigate whether there was a relationship between piglet nutrition and either serum
or vaginal lipidome profiles, lipids from piglet serum, sow colostrum, and milk replacer were
analyzed using Method 1 MRM transitions. The relationship between intensities of MRM
transitions that discriminated most between vaginal swab samples of S and B groups (38 MRM
transitions with highest AUC values from Method 1) with MRM transitions in piglet serum and
nutrition source (sow colostrum or milk replacer) was analyzed using regression analysis (Table
5). The correlation coefficient between twelve MRM transitions in swab and milk samples was
highly significant (r > 0.60 and P < 0.01), and included: three PE lipids; a PG lipid; a PC lipid;
five TAGs; stearoylcarnitine, hexadecanedioic acid mono-L-carnitine ester; and
PG(36:2)/PI(30:4). Analysis of relationship of lipid intensities by nutrition source and serum
found seven MRM transitions to be significant including three PE lipids, one PG lipid, and three
TAGs. One MRM transition, TAG(48:3), had a negative correlation between nutrition source
and serum (r = -0.62339 and P = 0.0099). There was no significant (P > 0.01) correlation
between lipid intensities of serum and swab samples.
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Six MRM transitions overlapped amongst the strongest correlations between source of
nutrition and serum and between source of nutrition and swab [tentative lipid attributions:
PE(34:4), PE(36:5), PG(34:6), TAG(46:1), PE(38:5), and TAG(44:0)]. Differences in relative
ion intensity means were compared among sample isolates for source of nutrition at 24 h (Table
6), 48 h serum (Table 7), and 48 h swab lipids (Table 8). The intensity of PE(34:4) was 159-fold
higher in milk replacer isolates compared to colostrum, 2.13-fold higher in serum of bottle-fed
versus suckled gilts, and 1.61-fold higher in swabs from bottle-fed versus suckled gilts (Figure
8). Levels of the other five lipids were 42 to 2.41-fold higher in milk replacer than colostrum,
which correlated to significantly higher levels across all serum and swab samples of botte-fed
versus suckled animals. Other lipids followed a similar trend where lipids that were higher in
milk replacer relative to colostrum showed higher intensities in serum and swabs of bottle-fed
gilts.
Birth and 48 h weights
Due to random allocation of gilts at birth, there was a significant difference between gilt
birth weights among treatment groups (P < 0.0001). Tukey-Kramer adjustments were used for
LS mean separation tests, and both B and BF piglets were found to be higher than SF (P =
0.0322 and P = 0.0240, respectively). SF had the lowest mean birth weight at 1.55 kg ± 0.087.
Weight at time of harvest (48 h) showed no statistical difference between treatments (Table 9).
Assessment of treatments on uterine gene expression and histomorphology development
The greater relative lipid intensity in vaginal swabs of bottle-fed piglets relative to
suckled piglets led us to hypothesize that lipid transport was impaired in bottle-fed piglets.
Therefore, expression of two genes, LPL and SCP2, that encode lipid transporters lipoprotein
lipase and sterol carrier protein 2, respectively, was measured in uterine tissue. Expression of
LPL and SCP2, however, was not different between suckled and bottle-fed piglets (Figure 11).
Previous studies reported that suckling colostrum versus bottle-feeding milk replacer
significantly affected histomorphic development and gene expression of ESR1, VEGFA, BCL2,
RXFP1, and MMP-9 genes in PND 2 uterine tissue (Yan et al., 2006b; Frankshun et al., 2010;
Chen et al., 2011; Ho et al., 2017). However, expression levels of these genes were not different
between treatments (Figure 12) in the present study. Additionally, there was no difference in
thickness of luminal epithelium (P = 0.2824), myometrium (P = 0.9502), or stroma (P =
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0.7382), nor differences in proliferation of cells between treatments for epithelium (P = 0.4982)
or stroma (P = 0.6386; Table 10) in the right uterine horn. It is worthy to note that sample sizes
were lower for these treatments due to preservation issues unrelated to treatment and
experimental design (S: n = 6; SF: n = 4; B: n = 6; BF: n = 6).
Discussion
The objective of this study was to determine whether MRM profiling of vaginal lipidome
on postnatal day 2 can be used to differentiate gilts exposed to different postpartum nutritional
environments. While differences in nutritional environment were not evident at the level of gene
expression nor histomorphology of the uterus, there were divergent vaginal lipidome profiles
between piglets that received colostrum relative to those given only milk-replacer. Although
differences in lipidome profiles were less pronounced between gilts supplemented with fat than
those that were not, intensities of several lipids were different between the groups. Together,
these demonstrate the efficacy of using MRM-profiling with vaginal swab lipids to distinguish
between gilts exposed to different nutritional environments.
Uterine tissue expression of VEGFA, RXFP1, ESR1, MMP-9, and BCL2 was not
different between treatments in this study which is in contrast to results reported by researchers
with Bartol and Bagnell. A recent study within their group demonstrated that colostrum
deprivation affected uterine expression of ESR1 and VEGFA as early as 12 h after birth (George
et al., 2018). Cervical protein levels of ESR1, BCL2, and VEGFA on PND 2 were also reduced
in piglets fed exclusively milk replacer (Frankshun et al., 2012). Similarly, colostrum deprivation
reduced uterine and cervical protein levels of MMP-9 on PND 2 (Chen et al., 2011; Frankshun et
al., 2012; Ho et al., 2017). However, the Bartol and Bagnell group also reported no difference in
uterine RXFP1 mRNA levels on PND2 between colostrum exposed and milk-replacer fed gilts
(Frankshun et al., 2012). Moreover, VEGFA and MMP-9 mRNA measurements and protein
expression and activity patterns were not in agreement, indicating potential discordance between
transcription and translation, and possibly gene-specific translational control (Chen et al., 2011).
Collectively, these findings demonstrate variation in gene and protein expression in response to
colostrum deprivation in uterine tissue.
Histomorphology and percent proliferation were not different between treatments in the
current study. Although investigators found colostrum consumption versus milk replacer feeding
for 48 h after birth resulted in distinct histomorphology of uterine glands between treatments by
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PND 14 (Chen et al., 2011; Miller et al., 2013), but others found no differences in endometrial
thickness nor uterine gland penetration depth on PND 2 (Miller et al., 2013). Lack of difference
in our study versus researchers with Bartol and Bagnell group may be due to approach of
measuring PCNA labeling index (LI). The Bartol and Bagnell group employed a grayscale image
in conjunction with software that then applied a pseudocolor based on intensity. Data taken at
PND3 for PCNA LI in suckled gilts found a significant difference in percent PCNA labeling of
luminal epithelium and germinal epithelium between treatments (Masters et al., 2007). Suckled
piglets had greater PCNA labeling index in both luminal epithelium and germinal epithelium
compared to milk replacer-fed gilts at PND 2 (Bartol et al., 2013; Miller et al., 2013) and at PND
14 (Miller et al., 2013). Most recently, milk replacer-fed gilts had lower PCNA staining in
epithelial cells as early as 12 h after birth (George et al., 2018).
Method 1 analysis aimed at identifying lipids that discriminated between gilts which
suckled sows for colostrum versus gilts fed milk replacer. ROC curve analysis found 18 lipids
with AUC ≥ 0.9. The AUC value is a measure of the usefulness of a test, in terms of sensitivity
and specificity (Faraggi et al., 2003). Biomarkers with AUC values from 0.9-1.0 are excellent,
0.8-0.9 are good, 0.7-0.8 are fair, and 0.6-0.7 are poor (Xia et al., 2013). The 18 lipids are thus
excellent candidate markers to detect differences between gilts exposed to colostrum compared
to those that consumed only milk replacer. These lipids include TAGs, PE lipids, PC lipids, PG
lipids, and an acylcarnitine.
The most discriminatory lipids identified in Method 1 exhibited higher intensities in
bottle-fed animals when compared to suckled gilts. Initially, it was hypothesized that neonatal
gilt diets lacking colostrum would result in higher vaginal lipid content as a result of faulty lipid
metabolism. Rahman et al. completed a transcriptome analysis of uterine tissue from both
suckled and bottle-fed gilts (Rahman et al., 2016). Using raw data results from their study,
several fat transporters were found which were differentially expressed between colostrum
exposed and bottle-fed gilts, which included LPL and SCP2. LPL encodes lipoprotein lipase
which catalyzes the hydrolysis of triglycerides to free fatty acids and glycerol. LPL also
functions as a ligand/bridging factor for receptor-mediated lipoprotein uptake (Zechner, 1997).
Severe mutations that cause LPL deficiency result in type I hyperlipoproteinemia, while less
extreme mutations in LPL are linked to many disorders of lipoprotein metabolism. SCP2 encodes
sterol carrier protein 2, an intracellular lipid transfer protein which assists in the transfer of all
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common phospholipids, cholesterol, and gangliosides between membrane bound organelles.
There was no significant difference in levels of these genes in uterine tissue between S and B
treatments.
We speculated that LPL and SCP2 levels would not be different in vaginal tissue, and
thus hypothesized other mechanisms were leading to the higher intensities of certain lipids in the
vaginal lipidome of colostrum-deprived gilts. We found a positive correlation of ion intensities
of MRM transitions between nutrition source and swabs of suckled versus bottle-fed gilts, and
nutrition source and serum of suckled versus bottle-fed gilts. Comparative analysis of mean ion
intensities of the most highly correlated lipids found much higher intensities of lipid signals in
milk replacer compared to 24 h colostrum, and correspondingly higher intensities in serum and
vaginal swabs of bottle-fed animals relative to suckled gilts. Therefore, differences in vaginal
lipids that most distinguished bottle-fed and suckled gilts can be explained by differences of lipid
intensities in postnatal diets. Correlation analysis compared with the relationship between high
lipid ion intensities present in milk replacer and subsequent bottle-fed gilt serum and swabs
suggests lipid transfer may be a result of direct absorption prior to intestinal barrier closure,
which is within 36-48 h after birth (Bourne et al., 1978; Drew et al., 1990; Lanza et al., 1995;
Bartol et al., 2009). Although lipid extraction and MRM-profiling were not completed with the
fat supplement, further research into how lipids transferred to early postnatal gilts are
metabolized and used in the reproductive tract, whether for secretion or incorporation into
vaginal cells, would be beneficial. It would also be advantageous to perform MRM-profiling on
all the nutrition sources to characterize lipid profiles and how they are transferred to and utilized
by neonates.
Lack of correlation between TAG molecules in nutrition source and swab or serum
sample is likely due to whole body lipid cycles. In addition, there was one TAG that highly
correlated between source of nutrition and serum, and source of nutrition and vaginal lipids.
Whole body cycling is the mobilization of FFA and glycerol from TAGs, which are released into
circulation, taken up by accepting tissues, and re-esterified to form GLs in another tissue. Some
FFA may be taken up by tissues such as heart and skeletal muscle for oxidation and therefore not
re-esterified but taken by up by liver to resynthesize TAG for export within VLDL particles
(Newsholme and Crabtree, 1976). This process may explain why we saw little correlation in
lipids between swab and serum samples. It is important to note that the lipids used in this
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screening process were the same as those selected to screen between suckled and bottle-fed gilts.
It is also important to note the differences in time points. Lipids were analyzed from swab and
serum samples taken at 48 h, whereas lipids were analyzed from the nutrition source at 24 h.
This was due to the availability of colostrum samples, and 24 h was the latest time point at which
colostrum samples were available from every sow, which likely impacted correlation results due
to the course of lipid metabolism and lipid membrane turnover in the body, while the same milk
replacer was used throughout the duration of bottle-feeding.
Functional groups identified in Method 2 were primarily GLs with both saturated and
unsaturated FA residues. Of the most discriminatory lipids, four MRM transitions had AUC
values between 0.7 and 0.8, thus achieving a biomarker utility rating of fair (Xia et al., 2013).
Two of these were GLs with eicosapentaenoic acid (EPA) residues, one a ceramide, and the final
was a cholesterol ester. Mean intensity of the cholesterol ester was significantly higher in
suckled plus fat supplemented gilts (0.006173 ± 0.001399) versus non-supplemented gilts
(0.001167 ± 0.001106). Cholesterol esters are cholesterol molecules with long-chain fatty acids
linked to the hydroxyl group. Cholesterol esters are much less polar than free cholesterol and are
the preferred form for transport in plasma. In addition, they function as a biologically inert
storage or detoxification form to buffer an excess. Cholesterol esters are packed into intracellular
lipid droplets and are not part of membrane structures (National Center for Biotechnology
Information). Levels of intracellular sterols are tightly regulated. Excess free sterols and fatty
acids that surpass homeostasis, are rapidly co-esterified for storage in the cytoplasmic lipid
droplet (Ruggles et al., 2013). In humans and laboratory animals, metabolic disorders such as
type 2 diabetes and atherosclerosis have been associated with ectopic lipid deposition in nonadipose tissues (Ruggles et al., 2013).
While cholesterol esters were higher in lipidome of fat supplemented gilts, two GL with
EPA residues and ceramide were numerically lower in vaginal swabs of fat supplemented gilts.
EPA is either absorbed from the diet or synthesized from the essential fatty acids linoleic and
alpha linoleic acid which also give rise to arachidonic (AA) and docosahexaenoic acids (DHA).
A potential explanation of this findings is that direct supplementation of piglets with animal fats
lowered the bioavailability of EPA or linoleic and alpha linoleic acids. In adult humans, a high
fat diet was associated with increased absorption of EPA from fish oils (Lawson and Hughes,
1988). In the mature gut, triglycerides and phospholipids are hydrolyzed by pancreatic lipase;
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however, the ethyl ester of EPA requires additional digestion with bile salt–dependent lipase
(Davidson et al., 2012). Therefore, digestion and absorption of EPA is considerably lower than
triglycerides and phospholipids and are dependent on fat meal content, which in adults stimulates
bile-salt dependent lipase and enhance absorption (Davidson et al., 2012). However, fat intake
and digestion are different between neonates and adults (Hamosh et al., 1985). In particular,
intake of fat is three to five-fold higher per kilogram bodyweight in newborns compared to
adults, and pancreatic lipase and bile acid levels are low. Despite differences in intake and
digestion, fat absorption is relatively efficient in neonates, suggesting that absorption of dietary
fat is also different in the early postnatal period compared to later in life (Hamosh et al., 1985).
Regardless of the mechanism of difference in EPA levels between supplemented and
non-supplemented gilts, eicosanoids are derived from AA, EPA and DHA, and function to
regulate homeostasis. In general, it is believed that AA gives rise to pro-inflammatory
eicosanoids whereas EPA and DHA give rise to anti-inflammatory eicosanoids (Saini and Keum,
2018). The relatively lower relative levels EPA in the supplemented fat group may partly explain
why inflammation is associated with high fat diet. If low grade tissue inflammation is maintained
to maturity, and reflective of homeostasis in other tissues, in particular the ovary, it may increase
risk for infertility/subfertility (Hohos and Skaznik-Wikiel, 2017).
Despite no differences in gene expression or histomorphology between treatments,
lipidomic analysis showed divergent profiles between gilts exposed to colostrum versus gilts
exposed to milk replacer and identified differences in vaginal swab profiles between gilts with
and without fat supplementation. Therefore, lipid profiles may prove to be a more informative
biomarker for early nutritional environment and subsequent reproductive tract development.
Metabolomics, which includes lipidomics, is the analysis of the end-point of metabolism.
Genomics analysis indicates what may happen to the organism, transcriptomics indicates what
may happen, and proteomics shows what is happening in the present state within an organism.
Metabolomics analysis reveals what has happened as a result of all the preceding events. Due to
the magnification of reactions from genome to transcriptome to proteome and interaction of
these elements with the environment, it is believed that metabolomics, and in particular
lipidomics, may prove to be a more sensitive and reliable approach for identifying biomarkers of
developmental processes and disease (Monteiro et al., 2013).
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Conclusion
Using MRM-profiling, this study identified MRM transitions highly capable of
differentiating gilts exposed to colostrum relative versus fed milk replacer by PND 2, a highly
critical window for reproductive development. Past research clearly indicates the importance of
colostrum consumption, specifically in the first 48 h after birth, on reproductive development in
gilts. While there were no treatment differences in uterine gene expression or histomorphology at
this age, differences in vaginal lipid profiles based on early nutritional environment were clearly
evident. These findings support that vaginal lipidome may be a more sensitive indicator of early
gilt nutrition. Not only were divergent profiles capable of detecting differences in nutritional
environment, but there was a correlation between lipids collected from vaginal swabs and
nutrition source. Therefore, this study provides evidence of a non-invasive and more sensitive
test for early nutritional environment in neonatal gilts as early as 48 h after birth.
There is a link between early nutritional environment and long-term fertility in swine.
Results from this study demonstrate the necessity for further research of the vaginal lipidome,
physiological significance of lipids in nutrition source and reproductive tract development and
long-term reproductive potential. The inclusion of a low-colostrum model as opposed to a milk
replacer model would allow for the identification of lipid biomarkers specifically associated with
colostrum-deprivation and subsequent reduced reproductive tract development.
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TABLES AND FIGURES

Table 1. Primers used for qPCR.
Primer Name

Manufacturer

Catalog/Reference

Assay ID

Number
LPL

ThermoFisher Scientific

4351372

Ss03394612_m1

SCP2

ThermoFisher Scientific

4351372

Ss03373042_m1

MMP9

ThermoFisher Scientific

4331182

Ss03392100_m1

RXFP1

ThermoFisher Scientific

4441114

ARPRKC2

(custom)

Primer

Forward Primer

Reverse Primer

Manufacturer

Name

Catalog/
Reference
Number

BCL2

GGAGGATTGT

GTTCAGGTACT

Integrated DNA

GGCCTTCTTT

CAGTCATCCAC

Technologies, Inc.

VEGFA GAAAGATAGAGC CATTTACACGTC

Integrated DNA

GAGGCAAGAA

TGCGGATCT

ATCTCCAGG

GGATCAAGGTGT Integrated DNA

GAGAGGAGTTT

CTGTGATCTT

Technologies, Inc.

RP18S

TGGATAACAAA

CTGTGGTCTTGG

Integrated DNA

Set 1

CTCCGTGAAGA

TGTGCT

Technologies, Inc.

ESR1

150558917

150558913

Technologies, Inc.
150558909

150558921
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Table 2: Mean percent intensity by treatment for top four most discriminating Method 2 MRM
transitions.
MRM

S (mean

SF (mean

B (mean

BF (mean

transition

percent

percent

percent

percent

intensity)

intensity)

intensity)

intensity)

0.001167a ±

0.006173b ±

0.001819ab ±

0.004215ab ±

0.001106

0.001399

0.001106

0.001182

0.000983 ±

0.000873 ±

0.001001 ±

0.000838 ±

0.000042

0.000053

0.000042

0.000045

0.000924 ±

0.000854 ±

0.000948 ±

0.000829 ±

0.000041

0.000044

0.000041

0.000052

0.000917 ±

0.000797 ±

0.000856 ±

0.000728 ±

0.000049

0.000053

0.000049

0.000062

425.4-369.1

557.4-282.2

631.2-283.9

780.2-432.9

P-value

0.0352

0.0388

0.2252

0.1215
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Table 3: ROC curve AUC values for Method 1 MRM transitions following final sample ion
intensity analysis.
Transition

AUC

Attribution

712.5 - 495.2

0.97436

514.5 - 131.2

0.96923

776.1 - 184.2

0.94872

PC(36:7)

442.4 - 59.1

0.94359

(9Z)-3-hydroxyoctadecenoylcarnitine

738.5 - 521.2

0.93333

PE(36:5)

793.7 - 520.4

0.93333

766.5 - 549.2

0.92821

PE(38:5)

739.6 - 522.3

0.92308

PG(34:6)

766.5 - 521.2

0.91795

TAG(44:1)

818.8 - 519.8

0.91795

TAG(48:3)

820.7 - 521.4

0.91795

TAG(48:2)

822.8 - 521.8

0.91795

TAG(48:1)

678.6 - 184.2

0.91282

PC(28:0)/PS(28:1)

768.4 - 495.1

0.90769

TAG(44:0)

640.4 - 339.1

0.90256

768.5 - 523.2

0.90256

TAG(44:0)

794.5 - 521.2

0.90256

TAG(46:1)

794.5 - 549.2

0.90256

TAG(46:1)

PE(34:4)
Not identified

Not identified

Not identified
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Table 4: ROC curve AUC values for Method 2 MRM transitions following final sample ion
intensity analysis.
Transition

AUC

Lipid Class

557.4 - 282.2

0.78125

Ceramides (t18:0 4-hydroxysphinganines)

425.4 - 369.1

0.77604

Cholesterol esters

631.2 - 283.9

0.72917

GL containing Eicosapentaenoic acid residue

780.2 - 432.9

0.72917

GL containing Eicosapentaenoic acid residue

779.3 - 432

0.6875

GL containing Eicosapentaenoic acid residue

850.7 - 577.4

0.68229

GL containing Palmitic acid residue

877.6 - 578.3

0.68229

GL containing Oleic/Elaidic/Vaccenic residue

442.3 - 369.1

0.67708

Cholesterol esters

556.29 - 206.99

0.66667

GL containing Erucic acid residue

854.6 - 357.3

0.66667

GL containing geddicacid residue

442.5 - 57.2

0.66146

GL containing Lignoceric acid residue

851.7 - 578.4

0.66146

GL containing geddicacid residue

805.6 - 225.2

0.65625

GL containing Myristicacid residue

480.4 - 207.1

0.65104

GL containing Palmitic acid residue

1001.3 - 504

0.64583

GL containing geddicacid residue

Table 5: Pearson correlation coefficients of 38 MRM transitions with highest AUC values. Bold values indicate either r > |0.60| or Pvalue < 0.01.
Serum and

Serum and

Swab and

MRM ID

Tentative ID Attribution

Nutrition Source P-value

Swab

P-value

Nutrition Source P-value

442.4-59.1

hydroxy octadecanoyl carnitine

-0.15596

0.5641

0.36505

0.1644

-0.43306

0.0938

514.5-131.2

Not identified

-0.03865

0.887

0.11609

0.6685

-0.21566

0.4224

640.4-339.1

Not identified

0.15164

0.575

-0.29969

0.2595

0.09175

0.7354

678.6-184.2

PC(28:0)/PS(28:1)

0.28687

0.2814

0.1291

0.6337

0.5987

0.0143

712.5-495.2

PE(34:4)

0.74729

0.001

0.50473

0.0462

0.75884

0.0007

738.5-521.2

PE(36:5)

0.66357

0.0051

0.43659

0.0909

0.7052

0.0023

739.6-522.3

PG(34:6)

0.69724

0.0027

0.28343

0.2874

0.66223

0.0052

766.5-521.2

TAG(44:1)

0.70027

0.0025

0.39108

0.1342

0.601

0.0138

766.5-549.2

PE(38:5)

0.76296

0.0006

0.42239

0.1031

0.70098

0.0025

768.4-495.1

TAG(44:0)

0.66669

0.0048

0.26808

0.3154

0.66967

0.0045

768.5-523.2

TAG(44:0)

0.61029

0.0121

0.10447

0.7002

0.62776

0.0092

776.1-184.2

PC(36:7)

0.14435

0.5938

0.13155

0.6272

0.73167

0.0013

793.7-520.4

Not identified

0.4923

0.0527

0.2525

0.3454

0.5981

0.0144

794.5-521.2

TAG(46:1)

0.63279

0.0085

0.38443

0.1415

0.62596

0.0095

794.5-549.2

TAG(46:1)

0.57996

0.0185

0.42292

0.1027

0.67139

0.0044

818.8-519.8

TAG(48:3)

0.42762

0.0985

0.41672

0.1083

0.50668

0.0452

820.7-521.4

TAG(48:2)

0.32462

0.2199

0.32075

0.2258

0.35671

0.175
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Table 5 continued
822.8-521.8

TAG(48:1)

-0.26449

0.3222

0.21657

0.4205

-0.15046

0.5781

400.4-101.1

Not identified

0.06285

0.8171

0.21505

0.4238

0.13389

0.6211

Stearoylcarnitine,
hexadecanedioic acid mono-L428.4-85.1

carnitine ester

-0.12135

0.6544

0.07346

0.7869

0.69737

0.0027

476.5-177.2

Not identified

0.26504

0.3212

0.04239

0.8761

-0.1913

0.4779

638.5-339.2

Not identified

-0.10824

0.6899

-0.39467

0.1303

-0.30872

0.2447

640.29-340.99 Not identified

0.35247

0.1806

-0.02928

0.9143

0.42585

0.1

706.7-184.2

PC(30:0)/PS(30:1)

0.43585

0.0915

0.49786

0.0497

0.60735

0.0126

766.5-495.2

TAG(44:1)

0.41656

0.1085

0.13688

0.6132

0.68775

0.0032

767.1-549.8

TAG(44:1)

0.53789

0.0316

-0.07396

0.7855

0.49666

0.0503

774.5-184.2

PC(36:8)/PE(38:1)

0.33972

0.198

0.11021

0.6845

0.53484

0.0328

775.8-184.2

PG(36:2)/PI(30:4)

0.11279

0.6775

-0.02344

0.9313

0.64986

0.0064

792.5-521.2

TAG(46:2)

-0.4468

0.0827

0.10541

0.6976

-0.16672

0.5372

795.5-550.2

TAG(48:6)/PG(38:6)

0.1047

0.6996

0.2188

0.4156

0.54211

0.0301

796.1-522.8

Not identified

0.29123

0.2738

0.11214

0.6792

0.1499

0.5795

796.5-579.2

TAG(46:0)

0.45596

0.0759

-0.00757

0.9778

0.31454

0.2354

808.6-509.3

PC(38:5)

0.25778

0.3351

-0.01578

0.9538

0.25011

0.3502

818.8-521.8

TAG(48:3)

-0.62339

0.0099

0.26667

0.3181

-0.22516

0.4018
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Table 5 continued
820.8-521.8

TAG(48:2)

0.25318

0.3441

0.34379

0.1923

0.28282

0.2885

822.2-576.9

Not identified

-0.39806

0.1268

0.167

0.5365

-0.29919

0.2603

822.3-523

TAG(48:1)

0.53507

0.0327

0.3339

0.2063

0.55799

0.0247

822.8-523.8

TAG(48:1)

-0.23566

0.3796

0.16645

0.5378

-0.20355

0.4496
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Table 6: Relative mean ion intensity for milk replacer versus 24 h colostrum for top 6 most correlating MRM transitions. Means
within rows with differing letters are different (P < 0.05).
MRM
PE(34:4)

24 H Colostrum Mean

Milk Replacer

Fold difference

Relative Ion Intensity

Mean Relative Ion Intensity

0.000457±0.000099

0.07274

159.17

1.000448±0.000094

0.01868

41.70

0.000422±0.000092

0.008187

19.40

0.002868±0.000204

0.006906

2.41

0.000595±0.000093

0.005164

8.68

0.000859±0.000122

0.005459

6.36

712.5-495.19
PE(36:5)
738.5-521.19
PG(34:6)
739.6-522.29
TAG(46:1)
794.5-521.196
PE(38:5)
766.5-549.2
TAG(44:0)
768.4-495.1
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Table 7: Relative mean ion intensity for serum lipids by treatment for top 6 most correlating MRM transitions. Means within rows
with differing letters are different (P < 0.05).
MRM
PE(34:4)

Suckled Mean Serum

Bottle-fed Mean

Relative Ion Intensity

Serum Relative Ion Intensity

a

0.001184 ±0.000118

P-value

Fold Difference

b

0.0007

1.61

b

0.0022

1.50

b

0.0053

1.31

0.003508 ±0.000402

b

0.0108

1.91

b

0.0098

1.66

0.0379

1.56

0.001908 ±0.000118

712.5-495.19
PE(36:5)

a

0.001178 ±0.000112

0.001768 ±0.000112

738.5-521.19
PG(34:6)

a

0.00106 ±0.000071

0.001382 ±0.000071

739.6-522.29
TAG(46:1)

a

0.001838 ±0.000402

794.5-521.196
PE(38:5)

a

0.001049 ±0.00013

0.001737 ±0.00013

766.5-549.2
TAG(44:0)

a

0.001395 ±0.000207

b

0.002171 ±0.000207

768.4-495.1
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Table 8:Relative mean ion intensity for swab lipids by treatment for top 6 most correlating MRM transitions. Means within rows with
differing letters are different (P < 0.05).
MRM
PE(34:4)

Suckled Mean Swab

Bottle-fed Mean

Relative Ion Intensity

Swab Relative Ion Intensity

a

0.001468 ±0.000327

P-value

Fold Difference

b

0.003

2.13

b

0.007

2.67

b

0.0118

1.87

b

0.0144

2.07

b

0.0092

2.81

b

0.0102

2.28

0.003121 ±0.000327

712.5-495.19
PE(36:5)

a

0.001332 ±0.000497

0.003551 ±0.000497

738.5-521.19
PG(34:6)

a

0.001327 ±0.000281

0.002477 ±0.000281

739.6-522.29
TAG(46:1)

a

0.002109 ±0.000572

0.004367 ±0.000572

794.5-521.196
PE(38:5)

a

0.000953 ±0.000323

0.002682 ±0.000323

766.5-549.2
TAG(44:0)

a

0.001196 ±0.000293

0.002725 ±0.000293

768.4-495.1
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Table 9: Birth weight and 48 h weight (kg) expressed as mean ± SEM. Means within rows with
differing letters are different (P < 0.05).

Birth Weight

48 h Weight

S Mean
(kg)

SF Mean
(kg)

B Mean
(kg)

BF Mean
(kg)

P-value

1.69ab ±
0.079

1.55b ±
0.087

1.91a ±
0.079

1.91a ±
0.072

< 0.0001

1.96 ± 0.14

1.90 ± 0.10

1.93 ± 0.10

1.93 ± 0.11

0.9902

Table 10: Histological measurements (µm) expressed as mean ± SEM. Percent proliferation
expressed as mean ± SEM.
Tissue Type

S Mean (µm)

SF Mean
(µm)

B Mean (µm)

BF Mean
(µm)

Pvalue

Luminal
Epithelium

36.77 ± 1.64

32.80 ± 2.00

37.40 ± 1.64

34.51 ± 1.64

0.2824

Myometrium

163.85 ± 9.11

163.57 ± 9.11

162.80 ± 9.11

0.9502

185.00 ±
16.21
B Mean
(percent
proliferation)
0.6234 ±
0.08075
0.9098 ±
0.03008

174.80 ±
16.21
BF Mean
(percent
proliferation)
0.6811 ±
0.08075
0.9674 ±
0.03008

Stroma

Stroma
Epithelium

193.67 ±
16.21
S Mean
(percent
proliferation)
0.7644 ±
0.08075
0.9516 ±
0.03008

156.24 ±
11.16
167.60 ±
19.85
SF Mean
(percent
proliferation)
0.6427 ±
0.09889
0.9139 ±
0.03684

0.7383
Pvalue
0.6386
0.4982

Figure 1: Lipidomics and MRM-profiling workflow.
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MRM transitions per Lipid Class in Discovery (1486 total)
ST

2.01%

sugar lipids

0.69%

PS

2.15%

PG

0.97%

PI

3.26%

PE

0.07%

PC, ePC, SM and LysoPC

4.92%

PA

0.07%

GIPC

0.62%

GL with unsaturated FA residues

25.10%

GL with saturated FA residues

37.10%

cholesterol esters

1.18%

ceramides

6.03%

acylcarnitines

15.81%
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Figure 2: Lipid class distribution of MRM transitions detected in initial discovery phase.
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Method 1 MRM Transition Lipid Class Distribution

TAG
27%

acylcarnitine
24%

CE
3%

sugar lipids
2% PS
PI
1%

free fatty acid
3%

1%

PE
0%

PC, ePC, SM,
LysoPC
7%

GL containing
unsaturated FA
residues
18%

GL containing
saturated FA
residues
14%

Figure 3: Lipid class distribution from MRM transitions selected for Method 1 to discriminate
between suckled versus bottle-fed gilts.

Figure 4: Principal component analysis and heat map for Method 1. In the hierarchical analysis, red signifies bottle-fed animals (B
and BF) and green signifies suckled animals (S and SF). In the heatmap, blue indicates lower ion intensities and red
indicates higher ion intensities. MRM transitions are on the right and animal ID is on the bottom.
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Method 2 MRM Transition Lipid Class Distribution
CE
PI acylcarnitine
1%
free fatty
0%
2%
acid
TAG
1%
5%

ceramides
14%
PC, ePC, SP,
LysoPC
5%

GL containing
saturated FA
residues
42%
GL containing
unsaturated FA
residues 30%

Figure 5: Lipid class distribution from MRM transitions selected for Method 2 to discriminate
between fat-supplemented and non-supplemented gilts.

Figure 6: Principal component analysis and heat map for Method 2. In the hierarchical analysis, red signifies fat-supplemented
animals (SF and BF) and green signifies non-supplemented animals (S and B). In the heatmap, blue indicates lower ion
intensities and red indicates higher ion intensities. MRM transitions are on the right and animal ID is on the bottom.
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P = 0.0352
ab

0.006
0.004

a

0.002

ab

0
S

SF
B
Treatment

BF

GL containing Eicosapentaenoic acid residue
631.2-283.9
P = 0.2252
0.0015
0.001
0.0005
0
S

SF
B
Treatment

BF

Relative Ion Intensity

b

0.008

Ceramides
557.4-282.2

Relative Ion Intensity

Relative Ion Intensity

Relative Ion Intensity

Cholesterol Esters
425.4-369.1

P = 0.0388

0.0015
0.001
0.0005
0
S

SF
B
Treatment

BF

GL containing Eicosapentaenoic acid residue
780.2-432.9
P = 0.1215
0.0015
0.001
0.0005
0
S

SF
B
Treatment

BF

Figure 7: Swab relative ion intensity by treatment for four most discriminating Method 2 MRM transitions. Title includes lipid class.
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Relative Ion Intensity

PE(34:4)
712.5-495.19
0.08
0.06
0.04
0.02
0
24 h Colostrum

MR
Nutrition Source

Serum Relative ion
Intensity

PE(34:4)
712.5-495.19

P = 0.0007

0.003
0.002

b

a

0.001
0
S

B
Treatment

Swab Relative ion
Intensity

PE(34:4)
712.5-495.19
0.004
0.003
0.002
0.001
0

b

P = 0.003

a

S

B
Treatment

Figure 8: LSM Comparison of relative lipid ion intensity of nutrition source, serum, and
vaginal swab for PE(34:4). Differing letters indicate statistical difference.
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Fold Change by Gene

Mean Log2 Fold Change

LPL

SCP2

0.6
0.5
0.4
0.3
0.2
0.1
0
-0.1
-0.2
-0.3
-0.4
-0.5

Gene
Suckled

Bottle-fed

Figure 9: Gene expression fold change for LPL and SCP2.
Fold Change by Gene
ESR1

VEGFA

BCL2

RXFP1

MMP-9

Mean Log2 Fold Change

0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
-1

Gene
Suckled

Suckled+Fat

Bottle-fed

Bottle-fed+Fat

Figure 10: Gene expression fold change for ESR1, VEGFA, BCL2, RXFP1, MMP-9.
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